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Abstract

Due to the weak van der Waals forces between organic semiconductor molecules,
the molecular packing depends sensitively on the processing methods and conditions.
Thus, understanding the crystallization mechanisms during solution deposition are
essential for fundamental studies and reproducible fabrication of electronic devices.
The performance of Organic field effect transistors (OFETs) also depends heavily on
extrinsic factors such as contact resistance and interfacial defects, which can produce
a different kind of transient effect at the metal-semiconductor contact.
We have observed structural transient effects during the crystallization process of two
small molecule organic semiconductors made from solution. We report in situ X-ray
scattering studies of the crystallization of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8 -BTBT) and 2-decyl-7-phenyl-[1]benzothieno[3,2-b][1]benzothiophene (PhBTBT-C10 ) during its deposition from solution. Multiple transient phases are observed for both materials during the crystallization before the final stable phase when
substrate temperatures were 2 - 35◦ C below the bulk phase transition temperature.
Below the transition temperature the crystalline phases are stable. However, the high
temperature smectic liquid-crystalline phases are observed first, but they exist for a
limited time. In addition, for Ph-BTBT-C10 complex dynamics occur in the first
few seconds as the transient liquid crystal phase is forming, possibly due to residual
solvent. Transient phases are of potential interest for applications, since they can act
as a route to self-assembly of organic thin films. Based on these results, we demonstrate a method to produce extremely large grain size and high carrier mobility (≥
3.0 cm2 /V·s) during high-speed processing.
The other transient effect is observed in the top contact OFETs made from solutionprocessed C8 -BTBT thin films when stored in ambient conditions. We report observations of time-dependent carrier transport in field-effect transistors through intermittent characterization of current-voltage characteristics. This effect is characterized
by a large increase of drain current and near-elimination of large negative threshold
(Vth ), which progressively reduces over a period of hours. Our results show that this
elimination of non-ideality is predominantly caused by light exposure. We attribute
these effects to a Schottky Barrier at the metal / semiconductor interface, modulated
by charging of gold particles that form during gold vapor deposition onto organic
semiconductor thin films. We also confirm that bottom contact transistors are free of
the anomalous effect, consistent with the absence of metal particles near the interface.
A detailed understanding is developed for the mechanisms contributing to non-ideal
carrier injection, aging, and instability of C8 -BTBT top contact transistors.
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Chapter 1
Introduction

1.1

Background: Organic Semiconductor

1.1.1

From traditional semiconductor to organic

It would have been almost impossible to imagine all the electronic devices we use on a
daily basis a few decades ago. Today, the essential technologies that can be found in
our cell phones, computers, TVs, home automations, and future devices are enabled
by the semiconductor industry, which has grown into one of the biggest industries in
the world and continues to grow. Semiconductors have indeed become the basis and
foundation of modern electronics.
Traditionally, what is most commonly used in the traditional manufacturing industry is the inorganic semiconductors: silicon (Si), germanium (Ge), gallium arsenide,
etc. The development of inorganic semiconductors has been following a famous pre1

diction made in 1965 by Gordon Moore. Known as Moore’s Law, he stated that the
number of transistors per square centimeter on integrated circuits would double approximately every two years. Transistor sizes have significantly reduced in the past
thirty years, from ten microns to seven nanometers. At the moment, the 7nm process is the leading technology on the market and is enabling system-on-a-chip (SoC)
products in volume production. The industry is still running towards smaller size and
higher density of transistors per square millimeter.
However, the device fabrication involving inorganic semiconductors typically requires harsh conditions, such as fabrication temperatures above 1000 ◦ C, and etching
by various acid and bases [10], which is not cost-effective and also limits the types of
substrates that the inorganic semiconductors can be grown on. On the other hand,
there is growing need for large-area and flexible electronic devices, which can only be
enabled by the other class of semiconductors - the organic semiconductors (OSCs).
Although organic semiconductors have been studied since 1940s [11], the initial
applications in electronics such as organic electroluminescent diodes [12] and OTFTs
[13, 14] did not happen until the recent decades. Nowadays organic semiconductor
has attracted tremendous research and industry interests and has been a rapidly
developing field. The main benefits of the organic semiconductors are the structural
flexibility and low-cost processing, which are enabled by the nature of the materials
and its processing characteristics, for instance, the low-temperature processing. This
makes organic semiconductors competitive candidates for existing or novel thin film
transistor applications requiring large area coverage, flexibility and especially low
cost. These novel applications include “electronic paper” displays [15], fully-foldable
cell phones, flexible displays for automotive and so on. Some of the novel applications

2

of organic semiconductors are shown in Fig. 1.1.
However, some key challenges still remain for further advancement: the lower
mobility than the inorganic counterparts and stability of organic transistor device,
which requires further understanding of the fundamental aspects of charge transport,
structure property relationships and device physics. Unlike the atoms of inorganic
semiconductors being held with strong covalent bonds, the intermolecular interaction
forces in organic semiconductors are weak, typically Van der Waals interactions with
energies smaller than 10 kcal mol−1 . This makes organic molecules vulnerable to the
impact of molecular vibrations, impurities and structural defects etc. Furthermore,
it is still hard for organic semiconductor to achieve band-like transport, that charge
carriers moving as highly delocalized plane waves in wide bands like in inorganic
semiconductors. Therefore, extensive research efforts are still required to achieve
high-performance organic devices.

1.1.2

Property and Classification of OSCs

Organic semiconductors are carbon-based compounds and typically also combined
with a few of the lightest elements such as hydrogen, nitrogen, sulfur and oxygen. [16]
They are featured by the conjugated structures with alternating single and double
bond between the carbon atoms in the backbones, which provide the semiconducting properties. The energy gap of organic semiconductors is defined by the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), which can be corresponds to the valence band and conduction band respectively in the traditional inorganic semiconductor. Organic semiconductors are
mainly bound by the weak van der Vaals forces and can be made in amorphous or
3

Figure 1.1: Examples of organic electronic applications. (a) Optical photograph of a fully
fabricated interactive e-skin containing 16 × 16 pixels with a size of about 3 × 3.5 cm2 .
Reproduced with permission. [1]. Copyright 2013 Nature Publishing Group. (b) Photograph
of a full-colour (red, green, blue) AMOLED display with all pixels being turned on and bent.
Reproduced with permission. [1] Copyright 2013 Nature Publishing Group. (c) Photograph
of a wearable flexible integrated sensing array on a subjectâs wrist, integrating the multiplexed sweat sensor array and the wireless flexible printed circuit board. Reproduced with
permission. [2]. Copyright 2016 Nature Publishing Group. (d) Optical image of a flexible paper display containing a LED array (25 × 16) on a Xerox paper. Reproduced with
permission. [3]. Copyright 2011 Wiley.
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crystalline state, with rather complicated crystal structures [17] than inorganic semiconductors. As in traditional inorganic semiconductors, organic materials can also
be divided into p-type or n-type based on the active carrier type. In p-type semiconductors the majority carriers are holes, while in n-type the majority carriers are
electrons. Few n-type semiconductors show high electron mobility and most n-type
materials are unstable in air. Thus, the most widely studied organic semiconductors
have been p-type, including the materials studied in this dissertation.
Organic semiconductors can also be divided into small-molecules and polymers
by molecular weight. Small molecules of low molecular weight are easy to purify
and easily form crystalline films (polycrystalline and single crystal) for high performance devices. Most high mobility OSCs reported are small molecules such as TIPSpentacene, Rubrene, C8 -BTBT etc. This introduction will focus on small molecule
p-type organic semiconductors.

1.1.3

Processing techniques

Vapor deposition was utilized first to deposit organic semiconductor films due to the
minimal solubility of organic small molecules in common solvents. The semiconductor
thin films can be deposited by sublimation in a variety of vacuum deposition systems.
The work by Garnier et al. [18] demonstrated that quality polycrystalline organic
semiconductors with long-range order can be obtained by vapor deposition back in
the 1980s. However, vapor deposition still requires relatively high temperature for
evaporation. And the fabrication cost is high due to expensive setup and material
waste, throughput is low due to confined equipment space. With the synthesize
of more soluble molecules, solution-processed methods have been rapidly growing,
5

Figure 1.2: Examples of different types of organic semiconductors in terms of the
active carrier type and molecular weight. (a) p-type small molecules, such as pentacene and rubrene, (b) p-type polymers, such as P3HT (poly(3-hexylthiophene)) and
PPP (polyparaphenylene) (c) n-type small molecules, such as TCNQ (tetracyanoquinodimethane) and F16 CuPc (copper hexadecafluorophthalocyanine) (d) n-type polymers, such
as BBL (poly(benzobisimidazobenzophenanthroline)) and F8BT (poly(9,9-di-n-octylfluorenealt-benzothiadiazole))
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which has the potential to manufacture the devices on flexible substrates using a fast,
roll-to-roll process. Furthermore, depositing large grains up to millimeter scale and
single crystal films are also feasible with solution-processed methods. As illustrated
in Fig. 1.3, the common solution-processed methods include spin-coating [19], dropcasting [20], inkjet printing [21, 22], solution shearing [23] etc.
Drop casting is the simplest film-forming technique from solution, which simply
casts the solution onto a substrate and forms a film after evaporation. However, the
evaporation process is usually spontaneous and lacks control over the film thickness.
Therefore, several modifications have been developed to improve the crystallization
process, such as utilization of sealed chambers [24, 25] and controlled gas flow [26],
exposure to unidirectional sound waves [27] and surface treatment [28] etc. Spin
coating has been the most widely used technique in depositing film of polymers and
small molecules, which applies the liquid solution onto a substrate followed by radial
acceleration of the substrate. Centripetal acceleration makes the solution spread
evenly and the film morphology and thickness are highly reproducible at a given
speed and solution concentration. [29–31] Due to the fast drying time, spin-coated
films are typically small-grain polycrystalline or even amorphous, since the molecules
do not have enough time to self-assemble or to crystallize. Yuan et al. [32] has used a
“off-center” spin coating method to achieve a centrifugal force in only one direction.
The sample was placed 20-40 mm away from the spin center. This actually leads to a
uniaxial-aligned film due to the solution being spread radially outwards, which shows
high device performance.
Meniscus-guided coating (examples in Fig. 1.3(d-f)) describes the type of coating
that uses the linear translation of either the substrate or the coating tool to induce
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Figure 1.3: Overview of some common solution processed methods. (a) Drop casting, (b)
Spin coating, (c) Inkjet printing, (d)(e)(f) are examples of meniscus-guided coating.

aligned crystallite growth in the deposited thin films. The solution meniscus plays
an important role as an air-liquid interface for solvent evaporation. Thin film is
deposited as the solution evaporates and the solute precipitates once the point of
supersaturation is reached. The meniscus guided methods provide good control on
the film morphology to obtain alignment of the growing organic semiconductor thin
film by virtue of the inherent directionality of the linear motion guiding the solution.
Solution sheering [23, 33–35] is quite similar to blade-coating. [36, 37] Both methods
use a blade to drag a solution droplet across the substrate. The droplet is covered by
the blade in solution sheering, compared to blade coating. The other meniscus-guided
coating methods not shown here include dip-coating [38,39], zone-casting [40,41], barcoating [42] and etc. The pen-writing method [43] utilized in this work is also one of
the meniscus-guided methods.
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1.2

Molecular ordering and morphology control

1.2.1

Liquid crystal

Crystalline organic semiconductors are characterized by an extended three-dimensional
arrangement of molecules (a crystal lattice) which repeats periodically over the entire
crystal. This long-range order is generally favored for good charge-transport in organic semiconductors, which represents highest order of magnitude. Amorphous state
of matter is comparable to the order of liquid state, with the molecules frozen in place.
Both of them have no intrinsic order or regular arrangement of molecules/atoms, featuring isotropic properties. There is a distinct phase of matter that possess properties
between those of crystalline solids and an isotropic liquid/amorphous solid, which is
the liquid crystal. It is an intermediate state with molecules having long-range order
in one or two dimensions. Fig. 1.4 shows the alignment of molecules in each of these
states mentioned. A large number of organic semiconductors exhibit one or several
liquid crystalline phases and recently liquid crystals have been reported for utilization
in high performance OFETs. For example, Ph-BTBT-C10 exhibits a Smectic E (SmE)
phase with the highest mobility in a field-effect transistor [32] as a liquid crystalline
compound reported to date. There are many different liquid crystalline phases such as
calamatics, nematics, smectics, cholesterics and columnar phases based on the structure of the molecule (rod-like, disc-like or board-like) and degree of ordering. The
smectic-A phase stands for long axes of molecules (rod-like) aligned in layers, with
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Figure 1.4: Molecular alignment for (a) crystalline solid, (b) liquid crystal(Sm-A type), (c)
amorphous solid or liquid.

the long axes perpendicular to the layer planes. But within the layers, the molecules
are not ordered. This phase is present in the materials studied in this dissertation
and closely related to the major observations.

1.2.2

Control of Molecular Packing and morphology during deposition

The organic semiconductors are essentially a group of π-conjugated systems. The processed organic thin film incorporated into OFETs is one of the most important factors
determining the ultimate device performance. Charge carrier mobility is considered
to be the key indicator of charge transport properties, which requires high transfer
integrals and low reorganization energy of the material in general. And both factors
are extremely dependent on the packing of the organic molecules [44] , which can
be tuned directly by molecular design or adjusted through the processing conditions.
Molecular design has been a common practice for chemists to tune the molecular
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Figure 1.5: Molecular packing motifs in crystals. (a) Herringbone packing between adjacent molecules (example: C8-BTBT, pentacene); (b) lamellar motif, 1-D pi-stacking; (c)
lamellar motif, 2-D brick-wall pi-stacking (example: TIPS-pentacene). Adapted according
to Wang. [4]

packing of organic semiconductor. [45, 46] For example, J. Anthony [47] added two
tri-isopropylsilylethynyl groups on the 6- and 13- positions of pentacene, making the
well-known TIPS-pentacene, which alters the herringbone packing of pentacene to a
2D brick-wall packing in TIPS-pentacene. Fig.1.4 shows the common packing motifs.
It is generally accepted that the π-π stacking offers the most efficient charge transport path for organic semiconductors, which is supported by various high performance
OFETs with the 2D π-π stacking semiconductors such as TIPS-Pentacene [47] , TES
ADT [48] and diF-TES ADT [49] . However, recently some record-high mobilities were
also reported for a group of benzothieno[3,2-b]benzothiophene derivatives [21, 50, 51]
with the herringbone packing motif. There is no definite answer to which chemical structure and molecular packing motif would give the best performance. It is a
complex interplay among different factors to achieve good transport properties of the
organic semiconductors. Next, the control of molecular order and morphology during
the solution-deposition process will be discussed.
Despite the obvious effect from the chemical structure of an organic semiconductor, the morphology and molecular packing also sensitively depend on processing
conditions due to the weak van der Waals forces between organic semi-conducting
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molecules.

The manipulation strategies during the solution-deposition for small

molecules have been widely studied through control of nucleation [28, 52] and crystal
growth [53, 54] by means of tuning processing conditions, engineering contact line,
blending solvents or polymer etc.
The crystallization of organic semiconductors involves nucleation and crystal growth.
Nucleation is essentially overcoming a free energy barrier to form the initial ordered
structure in a small region, which is intrinsically stochastic. In classic nucleation theory, nucleation happens directly from liquid solution. However, many have reported
the two-step nucleation process with pre-nucleation clusters or aggregates. [55,56] To
control the complicated process, the main challenges are to control the nucleation
sites or nucleation speed. [57] It is reported that control the solution volume or solvent evaporation could result in nucleation control. Goto et al. [28] and Minemawari
et al. [21] both used asymmetric surface patterns to induce a faster nucleation region
due to faster solvent evaporation of lower solution volume, so that single crystal arrays were obtained. Another approach is to introduce contact line since nucleation
tends to happen at spots where the curvature of the contact line is the highest, which
is similar to the coffee ring effect. [58] Ying et al. [59] used pattered hydrophilic/hydrophobia substrate to guide nucleation to happen at the sharp tips, which leads to
high probability of single-crystalline domains.
How the crystal grows has a significant impact on morphology and molecular
packing, since it determines the level of crystallinity, crystalline phase, domain size
and even the semiconductor/dielectric interface quality, etc. The choice of solvents
will influence the crystal growth by different evaporation rate and surface tension.
A mixture of solvents were used to obtain the high mobility polymorph of TIPS-
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Pentacene using the hollow pen writing. [60] Cho and coworkers use mixed solvent
to overcome the coffee ring effect common in inkjet printing. [22] Novel methods
like the use of antisolvents [21] was reported to help slow grow single crystals. And
post-deposition treatment like solvent vapor annealing [53, 54] was found to largely
improve the crystallization domains, even for obtaining single crystals. Uniaxiallyaligned crystals are another example of favored morphology, which has been demonstrated in several OFETs to provide an optimized charge-transport path towards good
mobilies. [26, 61, 62] Most meniscus-guided coating methods are usually very effective
to grow films in well-aligned crystallographic direction by tuning the proper writing
speed/substrate temperature. However, all the methods mentioned above requires
slow-processing, either processed at slow speeds/evaporation rate or going through
post-deposition treatment, which is at least 2 orders of magnitude slower than the conventional industrial printing process. The problem is that at higher processing speeds,
the deposition falls into a so-called Landau-Levich-Derjaguin (LLD) regime. [63–65]
In this regime, the crystallization front becomes less defined and a liquid solution layer
is usually formed first before complete evaporation of solution. Thus, crystallization
occurs via nucleation and coalescence from a supersaturated solution, often leading
to a spherullitic-type grain morphology. And the polycrystalline structure is usually
less favored in terms of charge transport comparing to aligned films, due to the large
density of grain boundaries and other defects that may be involved. Therefore, fast
processing with controlled morphology would be a major step forward towards real
applications in the industry.
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1.3
1.3.1

Organic field effect transistor
Basics of OFETs

Organic field-effect transistors (OFETs) are three terminal devices acting as electronic
switch and essential building blocks for organic circuits. As shown in Fig. 1.6, OFETs
consist of an organic semiconducting layer, a gate insulator/dielectric layer, and drain,
source, and gate electrodes. Fig.1.6 illustrates four different OFET structures. When
a gate bias (Vg ) is applied to the gate electrode, charge carries of the opposite polarity
to the bias are induced at the semiconductor/dielectric interface. With a lateral
source-drain bias (Vd ), charges are continuously injected from the source and flow
laterally along the interface to drain in the induced conducting channel, which is the
field-effect current (Id ). This is the turn-on state of a transistor.
The study of OFETs are important, not only because of their fundamental roles in
real applications, but they also provide an important insight into the charge transport
of organic semiconductors. The main device parameters that we care about include
the field-effect mobility (the drift velocity of carriers under electric field), threshold
voltage (the minimum gate voltage that is required to turn on the transistor) and
current on/off ratio (the ratio of the maximum on-state current to the minimum offstate current). These device parameters are performance indicators and depend on
various factors, including the device configurations, quality if semiconductor film and
various interface effects. For example, in terms of the device structures, the staggered geometry in Fig.1.6(a, d) generally give better performances than the coplanar
structures in Fig. 1.6(b, c), which is attributed to larger contact injection area in
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Figure 1.6: Schematics of the four transistor structures

the staggered ones. [66–68] Meanwhile, as we discussed before, the morphology and
molecular packing of the active layer also have significant impact on the device performance. Let alone the proper choice of electrodes and gate insulator, the interface
and energy alignments between the organic semiconductor/gate insulator or organic
semiconductor/metal electrodes etc.. All of these factors play crucial roles in the ultimate performance of OFETs. This dissertation pays special attention to the transient
effects observed during the organic thin film processing and at metal/semiconductor
contacts, which impose an influence on the crystallization of thin films and contact
resistance.
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1.3.2

Metal/semiconductor Contact

The key steps of operation the OFET involve charge injection from the source electrode and formation of a conducting channel at the semiconductor/dielectric interface
under a gate bias. Therefore, OFETs can be severely limited by the charge injection
and transport at the contact region. [69–71] Insufficient charge injection and low
transport at the interfaces can consume considerable voltage potential [72] and limit
the overall transport [73] regardless of the bulk properties of the film. These contact
effects become more severe when downscaling the device dimensions, which is a necessary trend for increasing the device switching speed and reducing operation voltage
in the future applications. Downscaling the dimensions means reducing the channel
length L, which reduces the channel resistance proportionally. However, the contact
resistance and charge injection are inherently interfacial properties, meaning the contact will consume more voltages with respect to the total applied voltage as L reduces.
In addition, the impact of contact resistance and other extrinsic effects become more
significant at low temperatures. [74, 75] Achievements cannot be made for studies of
the intrinsic transport properties if the OFETs devices are still dominated by contact
effects. Therefore, charge injection and contact resistance are pressing and important
issues to solve both for the development of organic semiconductor electronic devices
and fundamental studies of charge transport.

1.3.3

Improving Contact Resistance

Various approaches to reduce the contact effects and improve charge injection have
been developed and tested in the literature. For instance, the energy levels of the
16

Figure 1.7: Band diagram of a metal and semiconductor interface. In (a), the two materials
are not in contact and in (b) they are in contact. (Adapted from [5] )
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semiconductor and electrodes, the ordering of the active layer, contact treatment
and even the dielectric used for the OFET. We will have a brief overview of these
methods. The impact of gate dielectric interface on the contact resistance of OFET is
less intuitive, though reported by Liu et al. [76] With the same semiconductor film and
device structure, they observed contact resistance varies from 10 to 66 kΩ·cm with
different gate dielectric interfaces, which is not attributed to the microstructure of
films on difference dielectric, but to the trapping of the dielectric interfaces. Since the
energy barrier at the metal-semiconductor interface is due to the energy misalignment,
the barrier can be nominally tuned by adopting an electrode with a suitable work
function. It has been reported that different metal electrodes showed very different
charge injection behavior and contact resistance. [67, 77–79] However, the alignment
of the clean metal work function to the semiconductor frontier orbitals provides no
more than a first rough indication, since in reality the sample processing can induce
complicated effects like substantial energetic shifts at the interfaces. One example
is that the Au electrode is able to penetrate into some semiconductors if they are
thermally evaporated. Although Au contacts are generally good for hole injection
due to the high work function, the penetration can cause damage to the interface and
induce holes and a higher energy barrier. [80, 81] The ordering of the semiconductor
layer can pose an effect on contact resistance, since ordering is closely related to
the density of states and trap density in the semiconductor. The injection barrier
at the metal/semiconductor interface can be reduced by narrowed density of states
in a more ordered polymer. [82, 83] In bottom-contact transistors, the morphology
and microstructure could change at the contacts compared with the morphology of
the same organic semiconductor in the channel. [84] Bittle et al. showed a systematic
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study on the impact of ordering and morphology with poly(3-hexylthiophene-2,5-diyl)
(rr-P3HT) deposited from different solvents and different ordering. [85] The results
showed that the contact resistance decreases with increasing ordering.
A general and successful approach for reducing the contact effects is the use of
polar, thiol-based self-assembled monolayers (SAMs). This approach is commonly
used in the bottom-contact geometry where the electrode is dipped in a solution of
the desired thiols or treated in vapor phase, before deposit the organic semiconductor
layer. Ideally the work function of the electrode should be modulated [86, 87] by
the SAMs to minimize the energy mismatch with the HOMO/LUMO of p-type/ntype semiconductors. For example, PFBT and PF2BT are observed to have the
effect of shifting the work function of gold electrodes, changing the surface energy
of the electrodes and tunneling resistance, which leads to improved charge injection.
[88] Interestingly, it is not always the high work function electrodes that give the
lowest contact resistance. It also depends on the HOMO level of the p-type organic
semiconductors, which indicates the energy level alignment is still the prerequisite to
achieve sufficient charge injection. Another established approach to enhance charge
injection in OFETs is the insertion of a charge injection layer between the electrode
and the semiconductor layer. In p-type OFETs it is reported the contact resistance
can be reduced by inserting a thermally evaporated transition metal oxide interlayer
such as MoO3 , Al2 O3 or WO3 . [89, 90] Other charge injection layers that have been
reported include FeCl3 [6] , acceptor layer F4-TCNQ [91,92] etc. The layer is deposited
on the injection path, underneath the electrodes if it is top-contact bottom-gate
geometry or above the electrodes if bottom-contact top-gate structure is used. Lower
contact resistance and enhanced charge injection are generally observed with the
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layer, which often leads to higher charge density and device mobility. The origin of
the enhanced injection with the charge injection layer is still under debate. It may
involve interfacial doping if the electron-affinity (EA) of the layer is deeper than the
HOMO level the p-type semiconductor. [93, 94]

1.3.4

Contact resistance extraction

The Transfer (or Transmission) line (or length) method (TLM) is a straightforward
and popular way that widely used to evaluate the contact resistance. [67, 95] This
method is based on the assumption that contact resistance is independent of channel
length L and remains constant among transistors of other conditions being the same.
Thus, a set of OFETs with different L are needed to extract the total resistance by:

Rtotal =

∂Vd
∂Id

(1.1)

Vd is the drain voltage and Id is the channel or drain current. In the linear regime,
the drain current can be expressed as:

µlin =

L ∂Id
f or Vd  (Vg − Vt ), (linear regime)
Ci W Vd ∂Vg

(1.2)

The two equations lead to the total resistance shown below. One can see that an
ideal OFET should have channel resistance linearly dependent on L:

Rtotal =

L
µW Ci (Vg − Vt )

(1.3)

For a fixed gate voltage Vg , the total resistance would be Rtotal =Rch (L)+Rc
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Figure 1.8: An application of TLM methods in top-contact bottom-gate C8 -BTBT transistors. Reproduced with permission. [6]. Copyright 2012 AIP Publishing Group.

Therefore, it should be a straight line when the total resistance is plotted over the
channel length, and the y-interception is the constant resistance Rc . As illustrated in
Fig. 1.8(c), Rc can be extracted from the interception. The resistance converges to
one point at different gate voltage Vg , meaning an ideal case that contact resistance
is Vg independent. However, Vg dependent contact resistance is very common. In
bottom-contact OFETs, the Vg dependence of contact resistance can be explained by
the modulation of the depletion layer thickness by Vg. [96] In top-contact OFETs, Vg
dependence of contact resistance is often attributed to the charge transport through
the trap-rich access region underneath the contacts. [75, 97]
There are various modifications made to the conventional TLM methods, in order
to apply in more complex situations, for example, the mobility and threshold voltage
show considerable scatter. Modified TLM (M-TLM) [98] plots Rtotal × W/L with
respect to 1/L, making the slope controlled by the contact resistance contribution
Rc × W , which generally manifests small variation from device to device. Power
TLM (P-TLM) [99] extended the TLM into the saturation region by defining the
pinch-off current, voltage and resistance. TLM requires an ohmic-like linear current-
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voltage dependence, which assumes a constant contact resistance among transistors
with different channel lengths at different drain voltage. However, if non-linear turnon current exists in the linear regime under the impact of severe contact resistance,
in which case the resistance might be bias-dependent, TLM methods become hardly
applicable. The variance from device to device and the drain-voltage dependence of
contact resistance are not taken into account by TLM. Using gated four point probe
method [100,101]allows accurate extraction of contact resistance and channel mobility
verification. However, this method requires complicated patterns for contact. And it
is unsuitable for top-gate and small channel lengths. Liu et al. [102] has proposed a
Schottky barrier model taking the Vd , dependence into account. Contact resistance
can be extracted by modeling the output characteristics for individual OFET. This
model will be discussed in details in the later sessions.

1.4

Outline of thesis

The first aim of this dissertation is to understand and control the molecular packing
during film crystallization, with a simple thin film deposition method by a hollow
capillary pen writer, which deposits thin films of small molecule organic semiconductors from solution. For the OFETs fabricated with the desirable thin films, we aim
to understand the mechanisms of a transient contact effect (anomalous aging effect)
observed in top-contact bottom-gate structure and improve the charge injection at
the metal/semiconductor contacts.
Chapter 1 - Basic background introduction. (i) The development of organic electronics and general properties of organic semiconductors, with introduction of the
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processing techniques. (ii) The importance of molecular ordering and methods developed to control the molecular packing and film morphology. (iii) The basics of OFET
operation with a focus on the contact issues.
Chapter 2 - Experimental methods used for this study. (i) Description of hollow capillary writing process which has been used for the deposition of organic thin films from
solution. (ii) Characterization techniques: Polarized optical microscopy, atomic force
microscopy and synchrotron based in-situ grazing incidence wide-angle x-ray scattering performed to learn the molecular ordering process during the crystallization
process of solution deposited thin films. (iii) OFET fabrication and measurement: the
experimental details of device fabrication and brief description of working principle
for electrical measurements of OFET.
Chapter 3 - An in-situ study of crystallization process of C8 -BTBT thin films under
fast processing speed using capillary writing. Multiple transient phases are observed
during the crystallization. We demonstrate a method to produce extremely large
grain size and high carrier mobility during high speed processing. This crystallization process could be generalized to other organic materials that having liquid crystal
phases.
Chapter 4 - An in-situ study crystallization process of Ph-BTBT-C10 thin films under
fast processing speed using a microslot writer. Transient phases are observed during
the crystallization below bulk phase transition temperature. The film tends to stay
in the meta-stable phases for an extremely long time, which is relevant to the asymmetric molecule of Ph-BTBT-C10 and the specific liquid crystal phase in the bulk.
Chapter 5 - Study of a transient aging effect happening at the metal/semiconductor
contacts of top-contact bottom-gate transistors with solution deposited C8 -BTBT
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thin films. This aging effect features large contact resistance and severe non-ohmic
injection resulted from gold penetration initially, which can be dramatically alleviated
by light exposure in a certain time period.
Chapter 6 - A summary and outlook for the future directions.
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Chapter 2
Materials and Experimental Methods
This chapter describes the general information of materials and methods used in this
work. Specific experimental information relevant for certain chapter is given in the
respective chapter.

2.1

Materials

This work mainly studies a p-type small-molecule organic semiconductor 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8 -BTBT). Another BTBT derivative 2-decyl7-phenyl-[1]benzo-thieno[3,2-b][1]benzothiophene (Ph-BTBT-C10 ) is addresed in Chapter 4. C8 -BTBT was synthesized by Professor Whalley’s (U. Vermont, Chemistry)
group from commercially available 2-chlorobenzaldehyde via the methodology described by Takimiya et al. [103, 104] Ph-BTBT-C10 was purchased from TCI Chemicals.
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Figure 2.1: The chemical structures of the proposed BTBT derivatives (a) C8 -BTBT (b)
Ph-BTBT-C10

C8 -BTBT is widely used as a high performance small molecule in organic fieldeffect transistors (OFETs), with a mobility in the range of 1 - 8 cm2 V−1 s−1 being
achieved in the literature [105]. It has excellent solubility in a range of common
organic solvents. The molecule has a symmetric structure that is different from PhBTBT-C10 , as shown in Fig. 2.1. Both BTBTs have smectic liquid crystal phases,
but C8 -BTBT presents a SmA phase while Ph-BTBT-C10 has a SmE phase.

2.2

Hollow Capillary Writing

As shown in Fig. 2.2, a solution of the small molecule with a concentration of 0.6-2.0
wt.% is held in the rectangular pen of a size 0.5 mm × 5.0 mm (Wale apparatus
Co. 4905-100) by capillary forces. Before the writing process, the pen is adjusted
by a manual translation stage to make the solution contact with the surface. And a
computer-controlled linear translation stage is used to either move the substrate or the
pen at a controlled speed of 0.01-25 mm/s. This solution processed technique results
in crystalline thin films with long-range order and controllable grain size from a few
decades of microns to millimeter range. Moreover, the quality of the films sensitively
depends on the writing speed, wettability of the substrates and substrate temperature.
From previous results published by our group, controllable grain morphology and film
thickness can be achieved with respect to the writing conditions. [106]
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Figure 2.2: Schematic of thin film deposition setup. [7] XYZ translation stage is used to
move the substrate at a constant speed. A hollow rectangular capillary stage holds the
solution. Optical microscope equipped with a video camera is used to study the film growth
process.
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2.2.1

Grainsize vs. Writing Speed

When the substrate is hold at a certain temperature, the grain size and morphology
are heavily dependent on writing speed, which is resulted from the interplay between
the solution evaporation rate and writing speed. At slow speeds (0.1-1mm/s), which
is also the so-called convective regime, a well-defined contact line is formed near the
writing head and crystallization happens right behind the line in the supersaturated
region as solution evaporates. This is because the evaporation rate is roughly matching up with the writing speed. Therefore, the film morphology is led by the dragging
of solution. Grains grow in an ordered and aligned way in the writing direction and
millimeter-size grains are achievable. (Fig. 2.3(a)) The feature of this convective
regime is that the film thickness is inversely proportional to writing speed. To avoid
the film being too thick or too thin, we found that 0.2 mm/s - 0.6 mm/s usually
give favorable morphology with 1.0 -1.5 wt% of solution. When the writing speed
increases and enters the Landau-Levich-Derjaguin (LLD) region, the writing speed is
faster than the evaporation rate and a liquid layer is left behind after the pen sweeps
the substrate. The crystallization is no longer guided by the contact line but it follows
the evaporation of solution instead. The excess solution can lead to inhomogeneous
grain sizes on the film (Fig. 2.3(b,c)). An extreme case is at writing speed of 20mm/s
(Fig.2.3c) or above, the evaporation happens from the edges and slowly moves to the
middle. The large aligned grains similar to what is observed under slow speed have
been grown perpendicular to the writing direction (indicated in the figure). The large
grains are benefited from the relatively slower evaporation at the beginning. As the
remaining solution moves to the center, tiny grains are formed in a short time when
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Figure 2.3: Polarized optical micrographs representing the C8 -BTBT thin film written at
different speeds and on the substrate at room temperature. (a) 0.5mm/s, (b) 12mm/s, (c)
20mm/s. The white scale bar on the right bottom is 0.5mm. The white arrow indicates the
writing direction [8]

the solution are suddenly gone.

2.2.2

Grainsize vs. Temperature

When we fixed the writing speed at 25mm/s in the fast regime, a correlation between
the grain size and temperature is observed. As the polarized microscope images
shown in Fig. 2.4, deposition at higher temperature generates larger grains in the fast
crystallization regime. This is related to our findings of the crystallization sequence
that will be discussed in detail in Chapter 3.

2.2.3

Transistor Fabrication

Bottom-gate top-contact and bottom-gate bottom-contact structured transistors were
fabricated to characterize the field effect mobility of TIPS-pentacene thin films. Fig.
1.6 shows a schematic representation of the organic thin film transistor architecture.
The glass substrates (fused silica corning 7980 of UV grade) and silicon wafer substrates (Ossila Ltd organization) we used for making transistors were pre-diced to a
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Figure 2.4: (a), (b), (c), (d) are polarized optical micrographs representing the C8-BTBT
thin film written at a speed of 25 mm/s from a solution of 0.6 wt% concentration at different substrate heating temperature of 25◦ C, 60◦ C, 70◦ C and 90◦ C respectively. The films
deposited at 70◦ C and 90◦ C exhibit fine cracks. The white scale bar on the right bottom is
0.5 mm.
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standard substrate size of 15 mm × 20 mm. The glass substrate was polished both
sides with a roughness smaller than 0.7 nm. The silicon wafer substrate has a 330
nm thick SiO2 layer to act as dielectric layer.
Since our hollow rectangular capillary has a size of 0.5 mm × 5.0 mm I.D., it
can only be utilized to write narrow films with a width around 5 mm. For transistor
arrays, a custom-designed slot writer with a slot size of 0.5 mm × 20 mm was used to
deposit TIPS-pentacene films to make the film fully cover the substrate. The metal
electrodes through a shadow mask on the samples in an ultra-high vacuum system
with a base pressure of around 4× 10− 6 Torr. The transistor channel was aligned
with the film deposition direction. Many other experimental details like substrate
cleaning and surface treatment will be given in the experimental part in Chapter 5.

2.3

Polarized Optical Microscopy

Polarized microscopy is generally used to characterize the crystallinity, grain size and
morphology of the organic thin films. Polarized microscopy employs two polarizers
in the light path to probe the crystal orientation of thin films. Since anisotropic
thin films show different brightness on different crystalline domains. Rotation of the
sample with respect to the polarizer leads to a change of brightness of the thin film.
If the thin film is single crystalline, the whole film changes from bright to dark when
rotating the sample by 45◦ , which is what observed for the large aligned grain. Each of
these grains is of single crystalline nature. If the thin film is polycrystalline, the grains
have different brightness next to each other, which will also change brightness when
rotating the sample. Completely amorphous films do not have brightness change,
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such as the evaporated metal films we deposited. We also perform real-time polarized
optical microscopy (POM) to study the sequence of phases formed and the evolution
of the grain morphology during the deposition of organic thin films via hollow capillary
writer. The experiment was carried out using an Olympus DP71 microscope with two
rotatable linear polarizers. The substrate is mounted on a thermoelectric module for
temperature control.

2.4

Atomic Force Microscope (AFM)

AFM is very commonly used to probe the topography of different kinds of materials,
with high-resolution of about 10nm laterally and 0.1 Ă vertically. The sample surface
is scanned using a cantilever with a sharp tip, typically with a radius on the order of
nanometers. In Chapter 3, the film thickness and surface morphology are checked by
an Asylum Research MFP-3D-BIOTM Atomic Force Microscope(AFM) in tapping
mode. The equipment is mounted on Olympus IX71 inverted microscope that resides
on a Herzan AVI 350-S Active Vibration Isolation Table to dampen vibrational disturbances. The AFM graphs are visualized and analyzed using an integrated program
by Wavemetrics.

2.5

X-ray diffraction (XRD)

X-ray diffraction techniques are widely used to determine the crystallinity and molecular packing of organic thin films. When X-rays are scattered from a crystal lattice,
due to constructive interference happening among the ordered molecules, peaks of
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scattered intensity can be observed. These are Bragg peaks to be observed under the
condition given by Bragg’s Law, as illustrated in Fig. 2.5

2dsinθ = nλ

(2.1)

where, d is the spacing between layers of molecules, θ is the angle between the incident
beam and the surface of the crystal, λ is the wavelength of X-ray, n is the diffraction
order of the Bragg peak. When n is an integer, the reflected waves from the different
layers are perfectly in phase with each other and produce bright spot on the X-ray
detector. Therefore, the distance of different crystal planes can be calculated from
Bragg’s Law:
dhkl =

λ
2sinθ

(2.2)

When varying the incidence angle, a series of peaks can be observed at different angles
and the spacings can be directly calculated by Eq.(2.2), which are assigned to different
crystal planes. However, in order to get a complete crystallographic characterization,
grazing incidence wide-angle X-ray scattering(GIWAXS) is used to achieve a more
complete picture.

2.5.1

In-situ Grazing Incidence X-ray Diffraction

Due to the small diffracting volume of organic thin films, in plane d-spacing is very
difficult to measure because diffracted intensity is low compared to the substrate.
For films as thin as tens of nm, grazing incidence angle is considered to be the most
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Figure 2.5: Contrast mechanism in (a) reflected bright field configuration and (b) reflected
polarized configuration.

effective measurement method for structural analysis. To maximize the signal from
thin films, grazing incidence X-ray scattering measurements are performed at very low
incident angles. Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) are usually used in this scenario. Grazing incidence X-ray diffraction (GIXD)
enables a complete crystallographic characterization of thin films in terms of molecular
packing, degree of crystallinity and in-plane orientation and alignment. However, high
intensity X-ray sources are needed due to weak scattering of low-atomic-mass carbon
materials, such as synchrotron X-rays.
Fig. 2.6 shows the common sketch of grazing-incidence X-ray scattering(GIXS).
Typically, grazing-incidence angle is less than 1◦ and controlled between 0.05◦ and
0.50◦ using a sample-tilt stage. The scattering signal reflected from the sample dueto
shallow incidence is then recorded by a 2D area detector. The incident X-ray beam
has a wavevector ki =

2π
.
λ

Due to energy conservation, the X-ray beam scattered
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Figure 2.6: The geometry of GIXS: GISAXS and GIWAXS.Reproduced with permission. [9]
Copyright 2020 Wiley.

along kf with the scattering wave vector q is based on three components (qx , qy , and
qz ), which are defined by the following equations:

qx =

i
2π h
cos(Φ) cos(af ) − cos(ai )
λ

(2.3)

2π h
sin(Φ) cos(af )]
λ

(2.4)

i
2π h
sin(af ) + sin(ai )
λ

(2.5)

qy =

qz =

In grazing incidence X-ray diffraction and crystallography, the Scherrer equation
is a useful formula that relates the broadening of peaks in a diffraction pattern to
the size of sub-micrometer crystallites within the solid. It has been named after Paul
Scherrer [107] and used in the determination of crystal sizes. The equation can be

35

written as:
τ=

Kλ
βcosθ

(2.6)

Where, τ is the mean size of the ordered (crystalline) domains, which may be smaller
or equal to the grain size; K is a dimensionless shape factor, with a value close to
unity. The shape factor has a typical value of about 0.9, but varies with the actual
shape of the crystallite; λ is the X-ray wavelength; β is the line broadening at half the
maximum intensity, after subtracting the instrumental line broadening in radians. θ
is the Bragg angle.
Real-time synchrotron X-ray scattering techniques have been increasingly employed for studies of organic semiconductor thin film growth, both for small molecule
systems, [43, 108–110] as well as for polymeric materials and bulk heterojunctions.
[111–113] We have carried out in-situ experiment for thin film crystallization of C8 BTBT during pen writing at the Cornell High Energy Synchrotron Source (CHESS)
at beamline D1. [35] We also performed in-situ X-ray studies for Ph-BTBT-C10 thin
film crystallization from a heated microslot writer at the National Synchrontron Light
Source II (NSLS II). [114] The details of these experiments will be described in Chapter 3 and Chapter 4 respectively.
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2.6

OFET Fabrication and Characterization

2.6.1

OFET Fabrication

Heavily doped n-type (100) silicon wafers with a 330 nm thermally grown silicon oxide
layer of a size 20 mm*15 mm from Ossila were used as substrates for fabrication of
OFETs. The substrates are cleaned by ultrasonication in deionized water, acetone and
isopropanol respectively, followed by treatment in a 3.0 wt.% triethoxyphenylsilane
(PTS) solution of toluene for 15 h at 110◦ C, and finally rinsed with toluene, acetone
and isopropanol. Arrays of gold source and drain electrodes are thermally evaporated
through a shadow mask onto the organic semiconductor, with a channel length of 3080 µm and a width of 1000 µm to form a bottom gate top contact OFET geometry.
The 330 nm silicon oxide serves as the gate dielectric layer with Ci = 9 nF/cm2 . The
electrical measurements are carried out on a probe station with Keithley 2636 source
meter under ambient conditions.
Two different OFETs structures are examined to compare the impact of different
contact and interfaces. i) Top-contact bottom-gate transistor: organic thin films are
deposited with the pen-writing method before gold evaporation and the Ossila wafer
provides bottom gate (Si) and dielectric (SiO2 ). ii) Bottom-contact bottom-gate
transistor: gold evaporation is performed on the PTS treated Ossila wafers before
writing any organic thin film. These electrodes were then treated for 15 min using a
10 mM solution of room-temperature pentafluorobenzenethiol (PFBT) in isopropanol
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Figure 2.7: Bragg’s law.

followed by a 2-min isopropanol rinse and 5-min annealing and air dried.

2.6.2

OFET Characterization

For p-type organic semiconductors, negative bias is needed to turn on the transistor.
The gate bias (Vs = Vd = 0, Vg < 0) provides the accumulation of a high density of
positive charge carriers (holes) at the semiconductor/dielectric interface leading to an
electrical charge Q:
Q = Ci × Vg

(2.7)

where Q is the induced charge and Ci is the capacitance per unit area. Since a part
of the applied gate voltage does not contribute in the current as it used to achieve
the critical threshold voltage Vt , Vg is reduced to the effective gate voltage (Vg -Vt )
and the charge density qc contributing to the current is given by:

qc = Ci (Vg − Vt )
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(2.8)

When a small negative bias Vd is applied to drain in the condition that Vd <(Vg -Vt ),
the linear gradient of charge in the channel produces a linear current flow proportional
to Vd . Therefore, the charge density changes along the transistor channel in the form:

qc = Ci (Vg − Vt − V (x))

(2.9)

The current at any point in the channel is given by the product of the charge density
times the velocity:
Id = qc ν

(2.10)

The velocity of charge carriers in the channel is determined by the mobility µ and
the electric field Ex in the channel ν=µEx . The total current in the channel can be
expressed as:
Id = W qc µEx

(2.11)

Taking into account that Ex =dV /dx and substituting Eq. (2.5) into Eq. (2.7):

Id dx = W µCi (Vg − Vt h − V (x))dV

(2.12)

Id is obtained by integrating Eq.(2.8) from source x=0, V =0 to drain x = L,V = Vd :

Id = W/LCi µ[(Vg − Vt h)Vds − 1/2Vd2 ]

(2.13)

Since Vd  (Vg - Vt ), the second term in Eq.(2.9) can be neglected and Eq.(2.9)
becomes:
Id = W/LCi µ(Vg − Vt h)Vds
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(2.14)

This equation describes the linear regime of the transistor operation up to the point
Vd ≈(Vg -Vt ). When Vd >(Vg -Vt ), current becomes independent of Vd in the saturation
regime. This mode can be described by Eq.(2.11),

Id = W/2LCi µ(Vg − Vt )2

(2.15)

The electrical measurements are carried out on a probe station (Cascade M150) with
Keithley 2636 source meter under ambient conditions. The current-voltage dependency is typically measured in two ways: (1) the output characteristics, where Id is
measured as a function of Vd for different Vg values, shown in Figure 2.6(a). The
output characterizes both the linear regime and saturation regime as Vd increases.
(2) the transfer characteristics, where Id is measured as a function of Vg for a fixed
Vd , shown in Figure 2.6(b). Both the linear mobility and saturation mobility can be
extracted from the transfer characteristics with Vd fixed to different values, so that
the transistor is working in the linear or saturation regime. From Eq.(2.10), we can
calculate the linear mobility by:

µlin =

L ∂Id
f or Vd  (Vg − Vt ), (linear regime)
Ci W Vd ∂Vg

(2.16)

From Eq.(2.11), we get:

µsat

√
2L ∂ Id 2
(
) f or Vd  (Vg − Vt ), (saturation regime)
=
Ci W ∂Vg

(2.17)

√
In the saturation regime, the square root of drain current Id is linearly proportional
√
to Vg . Therefore, plotting Id as a function of Vg allows the extraction of saturation
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mobility from the linear slope of the curve, as shown in red line in Figure 2.6(b).
The threshold voltage is also extracted from the same curve as the intersection of the
fitted linear line with the gate voltage ordinate.

2.6.3

Electrical Characterization

The electrical measurements were carried out on a microprobe stage (Cascade M150)
with Keithley 2636 dual source meter units. The saturated and linear field effect
mobilities are measured at saturation and linear regime respectively by transfer char√
acteristic measurement. In the saturation regime, the square of the drain current Id
√
is linearly proportional to Vg . Hence, plotting Id as a function of Vg enables the extraction of the saturation mobility µsat from the linear slope of the curve. In the linear
regime, the drain current Id is linearly proportional to Vg . Thus plotting Id as a function of Vg enables the extraction of the saturation mobility µlin from the linear slope
of the curve. However, this method has to be used with caution as non-linearity in
device characteristics have been shown to cause serious mobility overestimation [115].
In this thesis, to ensure accurate mobility extraction, we plot the mobility µsat and
µlin versus the gate voltage Vg . This way, mobility overestimations are easily visible.
The threshold voltage is extracted from the same plot at the intersection of the fitted
line with the ordinate. The threshold voltage should be as low as possible to enable
low power operations, with typical values in the order of few volts. Other characteristics that can be extracted from the transfer curve are the on-off ratio, which is the
ratio between the maximum Id measured in the on and in the off region (typically
in the range of 105 -109 in this thesis) and the hysteresis, which is defined by the
maximum voltage difference between the forward and backward current sweep.
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In the linear regime of the output characteristic measurement, Id is linearly proportional to Vd . Plotting Id as a function of Vd enables the extraction of the total
device resistance Rtotal . The total device resistance Rtotal of the thin film transistor
is the sum of the channel resistance Rch and the contact resistance Rc where the
Rch for small drain voltages Vd (linear regime) is proportional to the channel length.
By a variation of the geometrical channel length from 30 µm to 80 µm, the contact
resistance Rc can be extracted by extrapolating the total device resistance Rtotal to
zero channel length (L = 0).
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Chapter 3
Transient phases during fast crystallization of organic thin films
from solution

3.1

Abstract

We report an in-situ study of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8 BTBT) organic semiconductor thin film deposition from solution in which we observe
multiple transient phases during the crystallization. Films are prepared with controllable grain size and morphology via hollow pen writing. Under very high writing
speed (25 mm/s) the films have an isotropic morphology, although the carrier mobility can be high, up to 3.0 cm2 /V·s. In order to understand the crystallization
mechanisms in this regime, we employ in-situ microbeam grazing incidence wideangle X-ray scattering combined with optical video microscopy during deposition at
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different substrate temperatures. We observe a sequence of crystallization in which
the layered smectic liquid-crystalline (LC) phase of C8 -BTBT initially forms and preceedes inter-layer ordering. For films written at high speed and high temperature
above 60◦ C, a transition from LC to a transient crystalline state that we denote Cr1
occurs after a temperature-dependent incubation time. The LC→Cr1 delay becomes
successively larger and diverges near the Cr/LC equilibrium phase boundary. After
an additional ≈0.5 s, Cr1 transforms to the final stable structure Cr2. Based on these
results, we demonstrate a method to produce extremely large crystalline grain size
and high carrier mobility during high-speed processing by controlling the nucleation
rate during the transformation between LC and solid phases.

3.2

Introduction

Solution-processed organic semiconductor thin films have attracted great interest
due to their potential applications in low-cost and flexible organic electronic devices [116]. An important challenge lies in the manipulation of morphology and
crystalline ordering of molecules, which critically influences the electronic properties
of thin films. [117, 118] However, due to the weak Van Der Waals forces between organic semi-conducting molecules, the molecular packing depends sensitively on the
processing methods and conditions. [119] Therefore, understanding the crystallization
mechanisms, which turn out to be both subtle and varied, is important to give insight
into controlling the deposition processes.
We address the question of whether high-speed pen writing can be optimally
used for the fabrication of electronic devices such as organic field effect transistors
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Figure 3.1: (a) Schematic of the µGIWAXS real-time pen-writing system. (b) Scattering
pattern of the transient LC state during writing at 85◦ C captured <1 s after the pen has
passed through the scattering region. Only the specular (001) at Qz ≈ 0.22 Å−1 is present.
(c) µGIWAXS image of the final crystalline state (Cr2), showing complete development of
the in-plane structure.
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(OFETs). At high enough speeds, films are deposited in a liquid state that subsequently transforms to a solid due to evaporation of the solvent; this is known as the
Landau-Levich-Derjaguin (LLD) regime. [63,65] Although LLD extends to practically
unlimited writing speeds, LLD normally leads to a high nucleation density resulting
in an isotropic small-grain structure. [62] This results in grain boundaries and other
defects, which introduce trap states that compromise charge carrier mobility. Hence,
oriented single-crystalline films are desirable for achieving low defect density, but this
normally requires slow writing in the “convective” deposition regime. [106,120] Thus,
there is seemingly no optimal strategy for high-speed processing. Here, we report the
discovery of mechanisms that lead to large grain size in the LLD regime, effectively
solving this long-standing problem.

3.3

Experiments

This in situ experiment was carried out for thin film crystallization of C8-BTBT during pen writing at the Cornell High Energy Synchrotron Source (CHESS) at beamline
D1. [35] The X-ray microbeam is focused to a beam size of 20 ×20 µm using a singlebounce X-ray capillary. [121] The photon energy is 10.74 keV ( λ = 1.155 Å). The
scattered X-rays are detected by a Pilatus 200K area detector. The substrate is
placed at the focal point of the microbeam and mounted on a heating stage. As
the computer-controlled motor moves the pen, a solution layer is written on the area
illuminated by the X-ray beam, producing a real-time intensity record at a time resolution down to 0.05 s, which is 20 frames per second for the measurement. The angle
of incidence of the X-ray beam with the sample surface was 0.15◦ . A schematic of the
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layout is shown in Fig. 3.1(a). The X-ray intensities are plotted in Fig. 3.1(b, c) as a
function of the in-plane component of the wavevector transfer Q|| and the component
perpendicular to the substrate surface Qz . No evidence of X-ray beam damage was
observed for exposures of several hours.

3.4
3.4.1

Results and Discussion
Mobility of OFET

We have obtained a room temperature average OFET mobility of 4.0 cm2 /V-s for
aligned C8 -BTBT thin films deposited in the convective regime at 0.5 mm/s. The
plotted mobility over speed and corresponding film morphology are shown in Figure
3.1. This result is in good agreement with a previous report of 3.5 - 5 cm2 /V·s
by Uemura et al. for oriented films prepared by directed solution deposition on
SiO2 /doped Si substrates. [105] At room temperature, the films written in the LLD
regime (high speed) often have inhomogeneous morphology and ununiform thickness
due to the uncontrolled solution evaporation, since the film is first written in a liquid
layer at high speed. The aligned films with large grain size written in the convective
regime are obtained from the more controlled crystallization from the contact line
of the solution meniscus. Remarkably, we find that nearly comparable results – 2.7
cm2 /V·s average and 3.0 cm2 /V·s peak – can be obtained in the LLD regime at 25
mm/s if the substrate is held at 60◦ C.
As we discuss below, real-time POM and µGIWAXS show that a series of transformations takes place that is consistent with Ostwald’s rule of stages. [122] A key
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Figure 3.2: (a) OFET average saturation mobility versus writing speed for a C8-BTBT
solution of 1wt% concentration at room temperature. (b), (c), (d) are polarized optical
micrographs representing the C8 -BTBT thin film in (a), which were written at a speed of
0.5 mm/s, 12 mm/s and 20 mm/s. And the films of 8mm/s and 25 mm/s are similar to
12 mm/s and 20 mm/s respectively. The white scale bar on the right bottom is 0.5 mm.

finding is that the grain size is controlled by the nucleation rate during the transformation from a transient liquid crystalline (LC) state to the crystalline form, and that
the nucleation rate conforms to predictions of classical nucleation theory. [123] For
deposition temperatures up to 60◦ C, LC transforms directly to the stable crystalline
form Cr2. However, above 60◦ C, a new intermediate crystalline state (Cr1) briefly
forms, which leads to cracking of the films due to tensile strain as the final stable
phase (Cr2) forms.
Fig. 3.3 presents carrier mobility for deposition at 25 mm/s at different substrate
temperature. The grain size increases with temperature, as shown in Fig. 2.3 in
the last chapter, which correlates with the increasing mobility up to 60◦ C. which
correlates with the increasing mobility up to 60◦ C. Although the grain size is larger
at higher temperature, the observed cracking correlates with the decreasing mobility
at higher deposition temperatures.
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Figure 3.3: (a) Drain current Id versus gate voltage Vg transfer curve for one of the transistors fabricated at 60◦ C and 25 mm/s. The√characteristics show Id on a logarithmic scale on
the right (blue with direction arrows) and −Id on a linear scale on the left (red) versus Vg .
The mobility extracted from this data is 3.04 cm2 /V·s. (b) OFET average saturation mobility versus substrate heating temperature for a C8 -BTBT solution of 0.6 wt% concentration
at a writing speed 25 mm/s.

3.4.2

In-situ study of crystallization

A polarized optical microscope with a video camera captures the deposition process
in real time and the substrate is mounted on a thermoelectric module for temperature
control. In Fig. 3.4, four frames from a polarized microscope movie for deposition at
90◦ C substrate temperature are presented. Note that the substrate moves instead of
the pen for these observations (while it is the pen that moves for the X-ray results).
However, it has already completed its motion by the time of Fig. 3.4(a) at ∆t =
1.27 s relative to the time the area in view was written. Fig. 3.4(a) shows that a
crystalline nucleus suddenly appears in the field of view. The drying of the film
(not shown) occurs very fast, so the main part of the film visible in Fig. 3.4(a), is
interpreted as the LC phase. The LC phase is only stable above 95◦ C, so in this
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sequence it effectively exists in a supercooled state. A crystalline phase subsequently
nucleates after a temperature-dependent incubation time. In Fig. 3.4(b) and (c) the
crystalline grain expands in all directions. Cracks are observed to progressively form
in Fig. 3.4(c) and (d). In the optical movie, the cracks are observed to sweep radially
outward from the original nucleation center, which we interpret as the transition from
Cr1 (a transient crystalline phase) to Cr2 (the stable bulk phase). However, cracks
degraded the performance of OFET devices even though the films had millimeterscale grains. Our mobility measurement for the transistors with the different films
in Fig. 3.3 shows that the highest average mobility 2.6 cm2 /V·s is achieved at 60◦ C
substrate temperature, which is more than doubled compared to samples of 25◦ C,
70◦ C and 90◦ C substrate temperatures since the cracks have degraded the charge
transport at high temperatures.
Fig. 3.5 shows the results of an in-situ crystallization study. The integrated intensities of the major Bragg peaks as a function of time during the deposition is shown
in Fig. 3.5(a) and (e) for films written at 25 mm/s at 85◦ C and 90◦ C respectively.
The rapid growth of the (001) reflection (blue data points and line in each case)
starts almost right after the first dashed vertical line, which indicates t = 0 when the
X-ray beam starts to hit the film after the pen passes by it. Subsequently, the (001)
reflection exists alone for quite some time. During this time interval, the diffraction
pattern is consistent with a Smectic-C (Sm-C) liquid crystal state, with layered structure perpendicular to the plane of the surface, but lacking any in-plane long-range
order. Moreover, we clearly observe that at 90◦ C, the time interval of the LC state is
longer than at 85◦ C. The crystalline phases start to appear after the second vertical
dashed line in Fig. 3.5(a) and (e). Note that an intermediate crystalline phase Cr1
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Figure 3.4: Frames from a polarized optical microscopy video during deposition at 90◦ C
with 25 mm/s writing speed. The translation stage stops at ∆t = 0.47 s after the region
of the film shown is written. A featureless view remain until ∆t = 1.27 s as shown in
(a): a nuclei at the right bottom appear as indicated by the arrow. (b) The crystallization
propagates from the nucleus center. No cracks are visible on the film in this image. (c)
Cracks forming from the nucleus center spread quickly. (d) The cracks are fully formed and
some minor color change has occurred near the grain boundary. The relative time ∆t is
labeled on the right bottom of the frames and the scale bar of 200 µm is labeled on the left
bottom.
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Figure 3.5: Integrated Bragg peaks intensities during the film writing with a speed of 25
mm/s and substrate temperatures of (a) 85◦ C and (c) 90◦ C for a solution of 1wt% in
toluene. The dashed lines indicate different stages of the crystallization process. At 0.63s
in (a) and 0.7s in (e), the pen passes the X-ray beam, and thus the X-ray scattering pattern
corresponds to the moment that the film is deposited. From t =0.63 s to 1.8 s in (a) and
from 0.7 to 6.4 s in (e), (001) develops without any in-plane Bragg peaks, consistent with
the LC phase. The second dashed in each case marks the beginning of the development
of the in-plane structure. (b)-(d) Ăare GIWAXS images of the corresponding Bragg peaks
intensities in (a). Boxes Ăindicate the chosen areas for the integrated intensities. The Q||
positions of the (11L) reflections are observed to shift from 1.28 Å−1 for Cr1 to 1.31 ĂÅ−1
for Cr2. (g) shows a similar shift in Q|| at 90◦ and also shows that (111) shifts in Qz from
0.38 Å−1 to 0.25 Å−1 . The image in (b) is at t =2.5 s. The times for (c) and (d) are 1.9
s and 2.4 s respectively, while (f) and (g) are at t =6.6 s.

Ă
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Table 3.1: Summary of q values of the major Bragg peaks present for the different phases
shown in Fig. 3.5 and two references of C8 -BTBT bulk structure. Sample is notated by the
temperature, at which it was written. The peaks position compared here are: Qz of (001),
(002), (110) and (111), Qr of (11L) and (02L). *The sample was prepared at 90◦ C, and
then cooled to room temperature (RT) for this measurement.

Phase
(hour)
Sm-A
Cr1
Cr1
Cr2
Cr2
Cr2 (RT)*
Bulk [124]
Bulk [21]

Deposition
Temperature
85◦ C
85◦ C
90◦ C
85◦ C
90◦ C
90◦ C
RT
RT

Qz
(001)
90◦ C
0.23
0.23
0.23
0.23
0.23
0.22
0.22

Qz
(002)
0.22
0.45
N/A
0.45
0.45
0.45
0.43
0.43

Qz
Qz
(11L) (110)
N/A N/A
1.27
0.12
1.28
N/A
1.30
0.038
1.31
0.038
1.32
0.066
1.33
0.045
1.33
0.020

Qz
(111)
N/A
0.34
0.38
0.25
0.25
0.28
0.26
0.24

Qz
(02L)
N/A
N/A
N/A
1.53
1.53
1.59
1.6
1.6

is briefly observed, but it transforms to Cr2 in less than one second. Fig. 3.5(c, d,
g) shows that Cr2 forms with the (11L) peaks shifted in both Q|| and Qz relative to
Cr1. It is significant that Cr2 is at higher Q|| , which corresponds to a closer crystalline packing in the plane of the film. This transition between solid phases evidently
introduces a high (≈ 2.4%) strain in the plane of the film that leads to mechanical
failure and cracking of the films, as we have observed by POM in Fig. 3.4(d). The
shift in Qz is interpreted as a shift in the stacking angle, coresponding to the β angle
of the unit cell. In Figure 3.5, we can see that after the film was cooled down to room
temperature the positions of X-ray reflections were shifted due to thermal expansion.
The final positions are close to the bulk phase in the literature, [21, 124] as shown in
table 3.1.
Notice that for deposition temperatures up to 60◦ C, LC transforms directly to the
stable crystalline form Cr2, as Fig. 3.7 shows.
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Figure 3.6: GIWAXS images of the (001) peak at Qx = 0, plus (110) and (111) peaks
around Qr = 1.30, measured at 90◦ C right after deposition in (a) and at 25◦ C after being
cooled down in (b). This is the same 90◦ C sample as in Fig.3. The dashed line indicates
the shift of (11L) in positive Qz direction. From the position of (11L), we can estimate
that a slightly more oblique lattice (determined by a larger Beta angle) and closer packing
of molecules are formed after the sample is cooled down to room temperature. And this is
consistent with the thermal expansion property of C8 -BTBT.
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Figure 3.7: (a) Integrated intensities of the labeled Bragg peaks over the film writing process
at writing speed 25 mm/s and substrate heating temperature 60◦ C for a C8 -BTBT solution
of 1 wt% concentration. The dashed lines indicate different stages of the crystallization. At
0.65 s the pen passes the X-ray beam thus the film starts being seen by the beam, indicating
the beginning of the crystallization. From 0.65 s to 0.9 s the lack of peaks indicate an
isotropic state of solution. From 0.9 s to 1.05 s the only existence of (001) peak is a sign of
the LC state and it is much shorter compared to higher heating temperatures. And the inplanes are Cr2, which quickly develop to the full intensity at 1.2 s. (b) and (c) are GIWAXS
images at time 1.2 s of (00L) peaks and (11L) peaks respectively. Yellow boxes indicate the
chosen areas for the integrated intensity.
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3.4.3

Discussion

In Fig. 3.8, we plot the time interval between the formation of the intermediate
liquid crystal phase and the first appearance of (11L) in-plane reflections at different
substrate heating temperature. The trend is that it stays in the Sm-C phase longer
at higher temperatures. We use a simple nucleation model to fit the data where
the nucleation rate has the form exp(−∆G∗ /kB T ), where ∆G∗ is the Gibbs free
energy nucleation barrier, kB is Boltzmann’s constant, T is the temperature. [123]
Here, ∆G∗ ∝ 1/∆T 2 , where ∆T is the undercooling below the equilibrium transition
temperature. This expression shows that when ∆T becomes small, the nucleation
rate drops exponentially, and hence the incubation time increases rapidly. But the
crystallization velocity seems to be hardly affected, so that a low nucleation rate
generally leads to a very large grain size.
The formation of transient phases during crystallization is an example of Ostwald’s
rule of stages, [122] which is based on the empirical observation that thermodynamically unstable phases often form before the stable phase during crystallization from
solution. For such a sequence to occur, the transient phases must have lower activation barriers for nucleation compared to the stable phase, [125] where the ith
nucleation barrier ∆G∗i originates from the interface energy at the boundaries between successive phases i and i + 1. It is attractive to consider this transition in
terms of reduced symmetry: for example, the LC phase is structurally similar to
the isotropic phase except for the loss of translational symmetry along the layering
direction plus a degree of orientational ordering of the molecules. Similarly, the crystalline phase loses translational symmetry in the plane of the layers, and thus become
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Figure 3.8: Time interval between the formation of the intermediate liquid crystal phase
and the first appearance of (11L) in-plane at different substrate heating temperature. When
depositing at 95◦ C, the film stays in the liquid crystal phase indefinitely. This is consistent
with the transition temperature for bulk samples observed by differential scanning calorimetry, as shown in Fig. 3.9.
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Figure 3.9: Differential scanning calorimetry for C8 -BTBT powder. The two peaks are
for transitions from crystalline to liquid crystal phase, and from liquid crystal to isotropic
liquid. Note that the transition temperature from the liquid crystal phase(LC) to crystalline
phase along cooling is 95◦ C.

structurally less similar to the original isotropic state. Thus, it is reasonable that
the isotropic→LC transition has a lower nucleation barrier compared to the direct
isotropic→Cr transition because more similar structures should have comparatively
lower interface energies between them. A consequence of reduced symmetry is that
the configurational entropy of the system is also lowered. Based on this argument, we
suggest that the order of appearance of phases more fundamentally follows a rule of
decreasing entropy, where the phase formed at each stage is the one with the smallest
entropy change. One consequence of this model is that any material that has an LC
phase is predicted to transform to the LC phase before reaching its crystalline form.
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3.5

Conclusions

We have described the formation of transient phases of C8 -BTBT thin films during
solution processing at high speed. Although striking and somewhat surprising, the results of POM, in-situ µGIWAXS, and OFET studies point to a model that is entirely
consistent with classical nucleation theory and with Ostwald’s rule. These results
lead to a method to produce extremely large grain size films and high carrier mobility
in the LLD regime that may prove to be of considerable practical importance. We
predict that many additional materials will be found to exhibit high-symmetry transient phases, particularly those that can form an LC phase.
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Chapter 4
Dynamic processes in transient phases
during crystallization of organic
semiconductor thin films

4.1

Abstract

Understanding and manipulating crystallization processes has been an important
challenge for solution-processed organic thin films, both for fundamental studies
and for fabricating thin films with near-intrinsic charge transport properties. We
report an in-situ X-ray scattering study of the crystallization of 2-decyl-7-phenyl[1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT-C10 ) during its deposition from
solution. At a temperature 10◦ C below the smectic-E / crystalline phase boundary, the crystallization goes through a transient liquid crystal state before reaching
the final stable crystalline phase. Significant dynamics occur in the first few seconds
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of the transition, which are observed through fluctuations in the X-ray scattering intensity, and are correlated with the time interval that the transient thin film coexists
with the evaporating solvent. The transition to the stable crystalline phase takes
minutes or even hours under these conditions, which may be a result of the asymmetry of the molecule. Transient phases are of potential interest for applications, since
they can act as a route to self-assembly of organic thin films. However, our observations show that the long-lived monolayer-stacked intermediate state does not act
as a template for the bilayer-stacked crystalline phase. Rather, the grain structure is
replaced through nucleation, where the nucleation free-energy barrier is related to a
potential barrier that prevents molecules to flip their long axis 180◦ .

4.2

Introduction

Solution-processed organic semiconductors have been studied extensively in recent
years, for their potential in the next generation of flexible electronic devices. Charge
carrier mobility is considered to be the key indicator of charge transport properties. High mobility material generally presents high charge transfer integrals and
low reorganization energy. [126, 127] Although both factors are intrinsic properties,
they are also highly dependent on the crystalline ordering and packing of the organic
molecules. [128] Recent advances in the theory of charge transport in crystalline organic semiconductors point to a transient localization of charge carriers as a result of
the large dynamic disorder since the molecules interact via relatively weak dipole and
Van der Waals intermolecular interactions. [129] These weak interactions also lead to
the fact that crystalline structure, grain structure, and defect density often depend
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significantly on the processing conditions. Thus, it is essential to understand and
control the crystallization and nucleation both for fundamental understanding and to
fabricate organic devices with good charge transport.
Self-assembly is a spontaneous process in which a disordered system evolves into
an organized structure driven by internal interactions. An archetypal example of
self-assembly is crystallization from solution, which involves the formation of an ordered molecular crystal from an isotropic liquid state. In classical nucleation theory,
a nucleus directly forms from supersaturated solution. The nucleus — an initial
small region of crystal organized from solute molecules — grows as molecules diffuse and attach to it. However, we have previously observed multiple-step phase
transformations via in-situ X-ray scattering for the symmetric BTBT derivative 2,7dioctyl[1]benzothieno[3,2-b][1]benzothiophene(C8 -BTBT). [130] The transient phase
is most long-lived at temperatures just below the crystal / liquid-crystal phase boundary, where the transient phase is effectively a super-cooled state that transforms to
another transient crystalline state before reaching the final stable crystalline phase.
This crystallization sequence is consistent with Ostwald’s rule of stages, [131] which
posits that thermodynamically unstable phases can form before the stable phase during crystallization. Such multi-step crystallization from solution has also been observed in a diverse range of materials, including proteins, biomineral systems, and
amino acids. [55, 132]
In this work, we report a study of the crystallization mechanisms of Ph-BTBT-C10 .
The asymmetry of the Ph-BTBT-C10 molecule leads to a doubling of the crystalline
unit cell, which comprises two different alternating layer spacings as a result of the
different lengths of the alkyl and phenyl end groups. Our observations show that
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Figure 4.1: (a) The chemical structure of Ph-BTBT-C10 . (b) The molecular arrangement
of the bulk crystalline structure. (c) Set-up of the in-situ X-ray experiment. A motioncontrolled microslot writer is used to hold the solution and write the film. In order to show
the details, the meniscus is amplified and not to scale compared to the writer. The incident
X-ray microbeam and scattered X-rays are indicated by red arrows. (d) An example of
the two dimensional X-ray diffraction image of a crystalline thin film as a function of the
in-plane component of the wavevector transfer Qr and the component perpendicular to the
substrate surface Qz . Normally, the X-ray image would not have many reflections at higher
Qz when the film is just written at high temperatures, since the sharp peaks at higher Qz
indicate a highly crystalline film with long-range ordering in the layer stacking direction.
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at temperatures modestly below the bulk phase-transition, the crystallization of PhBTBT-C10 proceeds via a transition from the isotropic supersaturated liquid to a
transient phase instead of nucleating directly into the crystalline phase. We observe
significant fluctuations in the X-ray scattering intensity during growth of the liquid
crystal domains when the transient thin film coexists with the evaporating solvent.
The transformation to the final crystalline phase involves profound symmetry breaking of the metastable Smectic-E (SmE) structure, evidently resulting in a large free
energy barrier for the phase transformation. As a result, the as-deposited Ph-BTBTC10 thin film at 90◦ C remains in the transient state for an extremely long time, due
to a large nucleation barrier that the system cannot easily overcome.

4.3
4.3.1

Experimental
Materials

Ph-BTBT-C10 was purchased from TCI Chemicals and its chemical structure is shown
in Fig. 4.1(a). The bulk crystalline phase is monoclinic, with a = 6.0471 Å, b= 7.7568
Å, c= 53.124 Å and β=93.135◦ . [133] The unit cell is doubled along the c-axis as shown
in Figure 1(b), which is replotted from the previously reported structure. [133] The
bulk phase transition temperature to SmE is 143.41◦ C when heating, and the material
returns to the crystalline state at 98.75◦ C upon cooling. [50] In this work, Ph-BTBTC10 was dissolved in chlorobenzene to make solutions for thin film deposition. A
concentration of 11 – 12 mg/ml was used for the in-situ X-ray and optical microscopy
experiments; 6 mg/ml was used for the transistor fabrication.
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Heavily doped n-type (100) silicon wafers with 300 or 330 nm of thermally grown
silicon oxide were used as substrates for the fabrication of bottom-gate, top-contact
OFETs and for the X-ray measurements. Phenyltriethoxy Silane (PTS) (98%) was
purchased from Sigma Aldrich and used for substrate treatment to improve the wettability and reduce surface charge traps. [108]

4.3.2

Microslot writer

The thin film deposition was performed using a custom "microslot" writer, which
utilizes a direct writing method with guidance of the solution meniscus. It is a scaled
up version of our previous "pen" writer based on a 5 × 1 mm rectangular glass
capillary. In this new implementation, the bottom half of the capillary is replaced by
a stainless-steel slot writer, while a glass cover slide encloses a narrow reservoir where
the solution to be deposited is held by surface tension. The horizontal reservoir is 1"
× 3" and the vertical channel has a narrow opening of 0.5 mm, with a 10 mm-wide
protruding slot. The design has certain advantages of a standard slot-die apparatus
since the solution is only deposited on the surface when the writer and substrate
are in motion relative to each other. However, unlike a slot-die it does not require
the solution to be actively pumped since it is fed entirely by gravity-assisted surface
interactions. The microslot writer was heated by attaching a polyimide heating tape
to the bottom surface. During film deposition, the writer was heated at 60◦ C to
increase the solubility of Ph-BTBT-C10 in chlorobenzene. Computer-controlled linear
translation stages (Newport, M-VP-25XA) were used to either move the substrate or
the writer at controlled speeds in the range 0.01 - 25 mm/s.
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4.3.3

In-situ polarized microscopy and ex-situ
profilometry

Real-time polarized optical microscopy (Olympus BXFM) was utilized to study the
sequence of phases formed and the evolution of the grain morphology with the substrate moving during slot writer deposition. Film thickness was measured by a Dektak
XT stylus profilometer.

4.3.4

In situ GIXD characterization

In-situ microbeam grazing incidence X-ray diffraction (GIXD) was carried out during
the solution deposition process at the Soft Matter Interfaces beamline (12-ID SMI)
at the National Synchrontron Light Source II (NSLS II). [114] Scattering patterns
were measured at 16.1 keV with a beam size at the sample position of 2.5 µm x 25
µm (V × H) and recorded on a Pilatus 300 KW detector, consisting of 0.172 mm
square pixels in a 1475 × 195 array, mounted at a fixed distance of 274.9 mm from the
sample position. To cover the range of scattering angles desired, the vertically oriented
elongated detector was positioned at a fixed arc of 11.5 degrees. The two-dimensional
scattering patterns were later visualized in Xi-CAM software and converted into qspace using a custom python code. [134] The in-situ X-ray series was taken at 0.1
second/frame for the deposition process and post-deposition time series was taken at
1 second/frame.
A schematic of the real-time experiment layout is shown in Fig. 4.1(c). In this
experiment, the writer is motion-controlled and the X-ray beam remains fixed on the
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same spot on the substrate to observe the entire process of crystallization from liquid
solution. The inset illustrates the crystallization happening at the trailing edge of
the meniscus where color fringes show up as the solvent evaporates.

4.3.5

OFET Device Fabrication and Characterization

Transistors were made on solvent-cleaned and PTS-treated substrates. The procedures are: ultrasonication in deionized water, acetone and isopropanol for 10 minutes
respectively, followed by treatment in a 3.0 wt.% PTS solution of toluene for 15 hours
at 110◦ C, and finally rinsed with toluene, acetone and isopropanol. The Ph-BTBTC10 thin films for transistors were deposited using a smaller capillary writer of 0.5
mm × 5.0 mm opening size. [62] The capillary writer was utilized without heating
at a substrate speed of 25 mm/s and substrate temperature of 90◦ C with solution in
chlorobenzene of 6 mg/ml. Arrays of gold source and drain electrodes were thermally
evaporated through a shadow mask onto the organic semiconductor, with a channel
length of 30 µm and a width of 1000 µm to form a bottom gate top contact OFET.
The 330 nm silicon oxide serves as the gate dielectric layer with capacitance Ci =
9.09 nF/cm2 . The electrical measurements were carried out on a Cascade M150 probe
station with Keithley 2636 Source Meter. Four transistors with the same film were
measured for the reported average mobility regarding the same batch of transistors
in Fig. 4.9.
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4.4
4.4.1

Results and discussion
In-situ studies

Fig. 4.1(a, b) shows the chemical structure and molecular packing of Ph-BTBT-C10
respectively. A schematic of the real-time experiment layout is shown in Figure 1(c).
In this experiment, the writer is motion-controlled and X-ray beam is hitting the
same spot on the substrate to observe the whole process of crystallization from liquid
solution. The inset illustrates the crystallization happening at the front end of the
meniscus as solvent evaporates. The two dimensional X-ray image is shown in Fig.
4.1(d) as a function of the in-plane component of the wavevector transfer Qr and the
component perpendicular to the substrate surface Qz .
Fig. 4.2 2 shows the comparison between the scattering patterns of the crystalline
state and the SmE phase. The crystalline state was measured after cooling the sample
to room temperature and waiting for 12 hours. As shown in Fig. 4.2(a), the periodic
sharp peaks in the high Qz range at Qr = 1.31 Å−1 indicate a highly crystalline film.
The Q-spacing ∆Qz ≈ 0.115 Å−1 is estimated from the spacing along (11L) in Fig.
4.2(a), leading to a layer spacing d ≈ 54.6 Å. This value is comparable to the single
crystal value c= 53.124 Å reported by Minemawari et al. [133] The crystalline unit
cell is a double-layered structure along the c-axis, which leads to a doubling in the
reciprocal space map along the Qz direction relative to the SmE phase. This doubling
is clearly observed in the Qz positions of crystalline (11L) reflections in Fig. 4.2(c).
The β angle is estimated to be 93.6◦ from the Qz of (110) position in Fig. 4.2(c).
Thus, our data is consistent with a monoclinic phase with a = 6.08, b = 7.87, c =
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54.6, and β = 93.6◦ . These values are in close agreement with the bulk structure
reported in the literature. [133] We note that the two partial rings in the Q range
between 2.6 and 3.0 Å−1 are consistent with unintentional scattering from the sample
holder.
The SmE phase was observed when the sample was annealed at 155◦ C after the
crystalline state was measured. For comparison, Fig. 4.2(b) shows short-range order,
for which scattering peaks in the high Qz range are absent due to the large vibrational
amplitudes of the molecules and reduced correlations between the layer positions.
The streaks indicate a correlation length of only a few unit cells. The ∆Qz spacing
is changed to 0.22 Å−1 , estimated from the Qz positions of SmE (02L) at Qr = 1.52
Å−1 in Figure 2 (d), which leads to d ≈ 28.6 Å. This is close to the literature value
of c = 29.1 Å in the SmE phase. [135] Comparing the Qr positions in Fig. 4.2(c,d),
the SmE phase has smaller Qr positions for the three labeled columns. Thus, our
data is consistent with a rectangular Smectic E phase with a = 6.04 Å, b = 8.27 Å,
c = 28.6 Å, and α = β = γ = 90◦ . This is in good agreement with results in the
literature. [135]
Fig. 4.3 shows the results of an in-situ thin film deposition study of Ph-BTBTC10 at 90◦ C and 0.2 mm/s with 11mg/ml solution in chlorobenzene. Figure Fig.
4.3(a) shows the last frame of the 75 second time series, which is 40 seconds after
most X-ray reflections first appear. The in-plane positions of several rods match the
SmE phase at (11L), (02L) and (12L) in Fig. 4.2(d) and there are no sharp peaks
present in higher Qz region of image, which is consistent with a smectic phase. We
tracked the intensities of the whole in-plane region to see how the peak intensities
change with time. Fig. 4.3(b) shows a close-up view of the two regions of interest
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Figure 4.2: The sample was made at 90◦ C and 12.5mm/s. It was then cooled to room
temperature for about 12 hours. The crystalline state is measured during annealing at
70◦ C in (a,c) and the SmE phase is observed while annealing at 155◦ C in (b,d). (a) The
crystalline phase observed at 70◦ C. The three columns of bright peaks are assigned to (11L),
(02L) and (12L). A weaker- intensity column at Qr = 2.07 Å−1 is assigned to (20L). ∆Qz
≈ 0.115 Å−1 is estimated from the spacings of (11L) in a wide Qz range, corresponding
to a double layer spacing of ∆d ≈ 54.6 Å. (b) A SmE phase observed at 155◦ C with the
same sample, ∆Qz ≈ 0.22 Å−1 is estimated from the sharp peaks of (02L), leading to a
monolayer spacing of ∆d ≈ 28.6 Å. (c,d) are zoomed in from (a) and (b) respectively. The
labeled columns in (c) at Qr = 1.31, 1.6, 1.89 Å−1 shift to Qr = 1.29, 1.52, 1.84 Å−1 in
(d). The Qz positions of (11L) show roughly double peaks in (c), indicating a transformation
from a double-layer crystalline lattice to single-layer structure of the SmE phase in (d).
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corresponding to Qz = 0.16 - 0.18 Å−1 and 0.03 - 0.05 Å−1 respectively, as indicated
by the two red boxes. The intensities in the red boxes are summed and shown as 2D
images and 1D curves over time respectively in Fig. 4.3(c,d) and Fig. 4.3(e,f). The
two regions of interest show different intensity features over time. The crystalline
and SmE peaks are labeled based on our measurements shown in Fig. 4.2. However,
the "Tr" label in Figure Fig. 4.3(e,f) refers to transient phases, since these peak
positions cannot be assigned to either the SmE phase or crystalline phase directly.
For simplicity, we assume that the transient phases are only minor modifications of the
SmE phase, so that they can be indexed according to the closest SmE or crystalline
peak positions. For instance, Tr (11L) at Qr =1.32 Å−1 matches the crystalline phase
in the Qr direction, but without doubling of sharp peaks in the Qz direction like
in Fig. 4.2(c). Thus, this Tr (11L) indicates the transient phase where molecules
are likely organized with long-range ordering similar to the crystalline phase in the
plane of the film, but still exhibit a single monolayer unit cell in the perpendicular
direction. Another remarkable feature is that the weak Tr (11L) rod appears in
coincidence with the solution ring during the deposition, as shown in Fig. 4.3(d)
and in the real-time X-ray diffraction images at 32.5 second and beyond in Fig. A.1.
Optical studies reported in Fig. A.1 are consistent with the X-ray data, since the
ordering is observed to begin while there is still significant solvent present. Thus,
the co-existence of diffraction peaks and the solution ring indicate the co-existence of
the ordered phase and the solvent. This diffraction peak possibly stems from critical
nucleation happening at the top surface of the thinning meniscus front, which can
be distinguished through grazing-incidence X-ray diffraction. The buried interface
between the solution and substrate does not contribute to the diffraction signal since
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the penetration depth of 16.1 keV X-ray at a grazing incidence of 0.1◦ is estimated to
be 110 nm while the meniscus is at least several micrometers thick, based on separate
optical microscopy measurements. However, most of the rods with strong intensity
appear immediately after the solvent ring has disappeared, as labeled with orange
dashed lines in Fig. 4.3(c,d). This could indicate that some or most of the film is
forming at the buried substrate-solution interface, so that it is not detected while the
solution ring is present. Alternately, the film may be ordering right at the contact line
between the solution and substrate, but the optical studies reported in Fig. 4.7 do
not exhibit a well-defined contact line, which makes this possibility seem less likely.
A striking feature of the data in Fig. 4.3 is that during the first 1 - 2 seconds
after the solvent ring is gone, the intensity oscillates up and down for SmE (02L) and
SmE (12L) in Fig. 4.3(e) within the region Qz = 0.16 - 0.18 Å−1 and in Figure 3(f)
in the lower Qz region of 0.03 - 0.05 Å−1 , although they appear to be less pronounced
in the lower Qz range. We do not interpret these features as being due to layerby-layer growth, which would exhibit extended periodic oscillations. Rather, the
fluctuations are a clear signature of domain fluctuations of the thin film. A possible
scenario is that sub-critical nuclei of the double-layer crystalline phase are forming
and disappearing. We note that the doubling crystalline peaks that would appear
around Qz = 0.16 - 0.18 Å−1 are never clearly observed in these early stages, but
the fluctuating intensity may be an indication of crystalline-like domains forming
and then shrinking again. Another, perhaps more likely scenario is that transient
phase domains compete with each other and grow or shrink via the motion of domain
boundaries. The oscillations continue only as long as excess solvent remains in the
film. The fact that the film subsequently stays in the transient or smectic states for an
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Figure 4.3: Observation of real-time deposition for Ph-BTBT-C10 solution in chlorobenzene
written at 0.2mm/s and 90◦ C. The film thickness is 170±20 nm. (a) GIXD image of the
films at the end of the time series at 75 seconds and zoomed in at lower Qz in (b). The top
and bottom red boxes in (b) indicate two regions of interest at Qz = 0.15 - 0.17 Å−1 and 0.03
- 0.05 Å−1 respectively, whose intensities are traced over time in (c) and (d) respectively.
(e, f) The corresponding intensity plot versus time for certain Qr positions as the arrows
point to, for Qz = 0.15 - 0.17 Å−1 and 0.03 - 0.05 Å−1 respectively. The vertical dash lines
in (c, d, e, f) indicate the time when the solution meniscus passes the X-ray beam, and thus
the newly deposited film is detected. Tr stands for transient phase.
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Figure 4.4: Frames from the real-time deposition of Ph-BTBT-C10 written at 0.2 mm/s and
90◦ C to show the solution ring and peaks. GIWAXS image of the films at (a) 32.5 s with
solution ring showing up. (b) 34 s with intense solution ring and a peak at Qr = 1.32 Å−1 .
(c) 35 s with solution ring just gone. (d) 75 s at the end of the time series.

extended time is associated with the asymmetric molecules and the nature of the SmE
phase that only allows molecular oscillations with angles less than 180◦ . [136, 137] In
other words, the molecules are greatly inhibited from flipping end-over-end, which is
one route to forming the double-layer structure of the crystalline phase.
The real-time study in Fig. 4.3 shows that the film deposited at 90◦ C did not
transform into the crystalline phase at the end of the time-series. Moreover, there
was no indication of the crystalline phase even after more than 20 minutes post deposition while the substrate was held at 90◦ C, even thought the crystalline phase
is the equilibrium phase at that temperature. On the other hand, when a similar
experiment was performd at 80◦ C, the deposited film exhibits some transient phases
closer to the crystalline phase, as shown in Figure 5. In that case, the as-deposited
film presented peaks in the higher Qz of 0.6 - 1.0 Å−1 and some weak streaks at the
position of doubling crystalline peaks. (Qz ≈ 0.18 Å−1 at Qr ≈ 1.3 Å−1 ) Thus, the
transient phases at 80◦ C are more ordered than the SmE phase at 90◦ C, which indi74

Figure 4.5: Observation of real-time deposition for Ph-BTBT-C10 solution in chlorobenzene
written at 0.2 mm/s and 80◦ C. The film thickness (a) GIWAXS image of the films at the
end of the time series. (b) A sum of intensities of the interested region indicated in the red
box at Qz = 0.03 - 0.05 Å−1 , over the time of deposition process. (c) The corresponding
intensity plot over time for certain Qr positions as the arrows point to. The vertical dash
lines in (b,c,e,f) indicate the time when the writer passes the X-ray beam, and thus the
newly deposited film is being detected.

cates the nucleation barrier is temperature dependent. We reported in our previous
work on C8 -BTBT that the nucleation barrier gets higher as the deposition temperature approaches the phase transition temperature, exhibiting a longer incubation
time and lower nucleation rate subsequently. [130] This observation is consistent with
the classical nucleation theory. [138]
Fig. A.2 shows the intensity fluctuations happening in a 20 minutes post deposition period, which involves self-assembly of molecules. As shown in Fig. A.2(c), an
unusual feature of a broad ring showed up and was tracked in Fig. A.2(e) in grey,
which is clearly different from the solution ring in Fig. A.2(a). The solution ring is
more scattered, suggesting the molecules are in an isotropic state. The ring in Fig.
4.3(c) has a width about 0.2 Å−1 , which corresponds to a domain size around 31 Å.
It looks like the small domains were going through a highly disordered process. At
the end of the post deposition period, the peaks or rods at Qr 1.28 Å−1 , 1.56 Å−1 and
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Figure 4.6: Observation of post deposition film at 1 frame/sec for two 10-min sections,
starting around 60 seconds after the film is being detected in the real-time series. (a) An
image of solution ring at 38 second of the real-time series before film is written, served as a
comparison of the ring in (c). (b) The first frame of the post deposition series, which starts
around 20s after the real-time movie is finished. The red boxes indicate the peak intensities
being traced in (e). (c) The 400th frame shows a broad ring feature shown up for about 10
minutes. (d) The last frame of the post deposition series. (e) The major intensity track of
the peaks and the ring feature. In-situ time is not counted.
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1.84 Å−1 have much less intensity from the beginning. These transient positions lead
to lattice constants closer to SmE phase. On the other hand, the peaks closer to the
crystalline phase (Qr 1.32 Å−1 , 1.59 Å−1 ) have the same or slightly more intensity
comparing with the beginning. It is possible the film is still undergoing some slow
transformation to crystalline phase. In addition, these transient phases at 80◦ C show
intensity fluctuations along with an unusual diffuse ring appearing and disappearing
in a 20-minute post-deposition period. It is very unusual for a disordered phase with
diffuse ring to appear from a relatively ordered phase. However, we note that the
thin film did not fully transform to a crystalline thin film within the 20 minute time
interval of the scan, in spite of the significant changes. Below, we turn to polarized
optical microscopy results, which show a clearer observation of the formation of the
final crystalline phase.
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Figure 4.7: Frames from a polarized optical microscopy video during deposition at 90◦ C
with solution in chlorobenzene and 0.2 mm/s writing speed. The white scale bar is 200 µm.
(a) (b) The arrow points to the same spot on the film, showing where the color fringes are
evolving into a solid film. The translational stage stops at (c) t = 36 s after the region of
the film shown is written. The initial film has long stripe-like grains. (d) Some nucleation
sites appear on the film. (e) The nucleation sites slowly grow larger and replace the original aligned grain structures. (f) The film has stopped changing around 17 minutes when
temperature was held at 90◦ C. The final film thickness was approximately 450 nm.

The GIXD observations are complimented by a real-time movie series of the deposition process using a polarized microscope. In Fig. 4.7, six frames from the polarized
microscope series for deposition at 90◦ C substrate temperature are presented. In this
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experiment, the substrate was translated at a controlled speed of 0.2 mm/s while the
slot writer was kept still. We note that the solvent does not show polarization contrast
because it is isotropic and it appears dark with crossed polarizers because polarization
microscopy is a "dark field" mode. This allows us to "look through" the solvent to see
the thin film forming underneath. The thin film is visible even within the meniscus
due to it’s strong polarization contrast. The images reveal several things: (i) the thin
film is optically biaxial due to the unit cell in the a − b plane being elongated in the b
direction, (ii) the SmE phase forms long, oriented stripe-like domains with alternating
contrast, and (iii) the SmE phase coexists with un-evaporated solvent, appearing to
form at the substrate surface beneath the solvent meniscus. In Fig. 4.7(a, b), the
arrow points to the same part of the film, showing the color fringes in Fig. 4.7(a) that
solidify with time. It takes around 1 second to go across the fringe region at 0.2 mm/s,
consistent with the intensity fluctuations observed in the X-ray peaks right after the
solution ring disappears. As a result of the coexistence between the SmE phase and
the solution phase, there is no well-defined contact line between the solid film and the
solution meniscus. The moving stage carrying the sample stops at t = 36 seconds,
shown in Fig. 4.7(c), when the whole view is freshly written in long strips of SmE
or transient phase grains. A nucleation event occurs in Fig. 4.7(d) on the top right
corner, and subsequently the aligned film is gradually consumed by a large spherulitic
grain, as shown in Figure 7(e,f). This morphology transition is interpreted as a phase
transformation of the SmE phase, showing as aligned stripe domains, most likely to
the crystalline phase or some transient phases that are closer to the crystalline phase.
It is notable that the original aligned grain structure is replaced, which indicates that
the crystalline phase is not inherited from the SmE phase to induce the herringbone
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structures, as has been suggested in previous work. [50, 135]

4.4.2

Mobility of Ph-BTBT-C10 OFET

Figure 4.8: Frames from a polarized optical microscopy video during deposition at 90◦ C
with solution in chlorobenzene and 25 mm/s writing speed. (a) The initial film right after
the translational stage stops. (b) The re-nucleated film after 12 minutes when temperature
was held at 90◦ C. The initial grain structure has been replaced.

The hole mobility of Ph-BTBT-C10 is evaluated through the measurement of topcontact bottom-gate transistors fabricated with solution-processed Ph-BTBT-C10 thin
films. Usually, slow processing speeds are favored over fast speeds, since slow speeds
lead to large grain size and fewer grain-boundary related defects. However, as we observed in Fig. 4.7, the initial aligned large grains of Ph-BTBT-C10 thin film deposited
at slow speed were replaced with large spherulitic grains due to the phase transformation of the meta-stable SmE phase. The re-nucleation removes the motivation to
deposit at slow speeds since the original aligned grain structure is wiped out. Therefore, we deposit thin films in the fast processing regime for transistor fabrication.
As shown in Fig. A.4, we find that thin films written at 25mm/s and 90◦ C exhibit
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uniform polycrystalline grains formed through renucleation that are large enough to
cover our transistor channel length of 30 µm. The large grain size is achieved due to
the low nucleation rate at temperatures close to the bulk phase transition temperature. In other words, the slow transformation rate can be taken advantage of since it
leads to a controllable, large grain size. Notably, fast processing is necessary for highthroughput manufacturing organic semiconductor thin films in large area through the
roll-to-roll process.

Fig. 4.9(a,b) shows the output and transfer characteristics of a representative
Ph-BTBT-C10 transistor in top-contact bottom-gate structure with the capillarypen-written films processed at 25 mm/s and 90◦ C. A polarized microscope image of
the film is shown in Fig. 4.9(c) as an inset. For this transistor, a saturation mobility
of 3.76 cm2 /V·s is extracted from the transfer curve in Fig. 4.9(b), taken from a
measurement made at 24 hours after it was fabricated. Fig. 4.9(d) shows that the
saturation mobility did not degrade from 24 to 120 hours. In Fig. 4.9(c), the linear
mobility of this transistor is shown at Vd = -5 V and 120 hours, which is smaller
than the saturation mobility. This is also true for the average saturation mobility
of 2.4 cm2 /V·s and linear mobility of 2.0 cm2 /V·s among 4 transistors on the same
Ph-BTBT-C10 film. This slight discrepancy is attributed to the contact resistance
that manifests itself as non-linear current at very small drain voltage in Fig. 4.9(a).
The contact resistance can become comparable to the channel resistance at small Vd
and can affect the estimated channel mobility. [139]
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Figure 4.9: (a) (b) Output and transfer characteristics of a typical Ph-BTBT-C10 transistor
in top-contact bottom-gate structure with pen written films processed at 25 mm/s and 90◦ C
from a solution in chlorobenzene of 6 mg/ml. (c) The linear mobility measured for the same
transistor at Vd = -5 V and 120 hour, at which point the saturation mobility is the same as
at 24 hour. The inset image shows the corresponding transistor with film under polarized
microscope. Film thickness is 30 nm. (d) The transfer characteristics at different times
after it was made.

In Fig. 4.9(d), it is shown that the drain current of the Ph-BTBT-C10 transistor changes significantly in the first 24 hours. A possible explanation is related to an
anomalous aging effect associated with the Schottky contact at the metal/semiconductor interface, which has been observed in the C8 -BTBT top-contact transistors. [139]
Since the HOMO level of Ph-BTBT-C10 [140] is similar to C8 -BTBT, a Schottky
contact is likely to be formed. This aging model interprets the performance at 0 hour
as suppressed by insufficient charge injection, resulting from trapped charge in the
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contact region. According to our previous findings from transistors fabricated with
C8 -BTBT as the active layer, a series of light-activated effects release the trapped
charge and improve the contact over a period of hours. Here, we have shown that
high mobility is obtained with Ph-BTBT-C10 thin films processed at fast speed with
the bi-layer crystal phase, which is confirmed by the X-ray reflections and optical
series. However, we can not rule out the possibility that some of the observed change
in the transistor current is due to a slow phase change, which can be very slow as we
have shown above.

4.5

Discussion

Fig. 4.10 shows models of the structural difference between the crystalline phase
and the SmE phase. In the crystalline phase shown in Fig. 4.10(a), the asymmetric
molecules are oriented alternating directions in adjacent layers to form a doublelayered lattice. We argue that in the liquid crystal phase, relatively ordered packing
may occur due to the strong interaction between the molecular cores while leaving
the side-groups disordered as shown in Fig. 4.10(b). This results in randomness
in the molecular orientations with some having an "up" configuration and others
having a "down" configuration. The disorder within the layers changes the double
unit cell into a single unit cell. To have the metastable transient phases form first in
a two-step transformation, the transient phases must have lower activation barriers
for nucleation compared to the stable phase. [141] If we think in terms of symmetry
breaking, the transition to a less ordered state such as a layered transient phase
involve less symmetry breaking compared to the fully crystalline state. This leads
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to lowered activation barriers for nucleation of the lower symmetry phase since the
Gibbs free energy has an entropy term and higher entropy corresponds to lower free
energy.

Figure 4.10: A schematic illustration of models for the molecular arrangement in different
phases. (a) The crystalline phase with a bilayer structure. (b) An intermediate Smectic phase with random up/down orientations of the asymmetric molecules before the SmE
domains grow. (c) The SmE domains in a nanosegregated monolayer structure with antiparallel grain boundaries.

We can estimate the SmE phase domain size from the peak width ∆Qr in Fig. 4.3.
The width ∆Qr of 0.01 Å−1 would indicate a domain size of at least 62.8 nm. This
implies that the structure of completely random up/down molecular orientations in
Fig. 4.10(b) likely acts as a precursor to form larger SmE domains. Our structural
model for the SmE domains is illustrated in Fig. 4.10(c). It is a nanosegregated
monolayer structure with anti-parallel grain boundaries similar to the antiparallel
monolayer crystal model in the literature, but with a larger domain size. [142] Simulated hole mobility shows that the antiparallel monolayer has only 0.14 times the
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mobility of the bilayer structure. [142] This is consistent with the reported experimental mobilities of the SmE phase and crystalline phase. [50] Evidently, the antiparallel
configuration acts as a significant bottleneck to charge carrier transport. Note that
molecular diffusion within each layer occurs at a much faster rate compared to interlayer diffusion. [143] Thus, it is energetically favorable to grow the single-layer SmE
domains through intra-layer diffusion from Fig. 4.10(b) to Fig. 4.10(c). Regarding
the transition from SmE phase to the crystalline phase, the possible routes are to
flip half of the molecules in each layer or to diffuse molecules between the layers in
Fig. 4.10(c). However, both routes involves a large energy barrier and slow kinetics,
and hence, both processes are thought to be very slow, [143] consistent with the slow
transformation that we have observed.

4.6

Conclusions

In summary, we have observed that meta-stable liquid crystal and transient phases
are formed before reaching the final crystalline phase in the crystallization process
of Ph-BTBT-C10 from solution when the deposition temperature is below the phase
transition temperature. Multiple co-existing transient phases are observed through
X-ray diffraction, and they fluctuate in time, possibly by the motion of domain walls.
For certain conditions, the crystal nucleation is delayed for an extended period of time,
which is attributable to the high energy barrier associated with symmetry breaking
required for the formation of the double layer structure. We have also observed that
the crystalline phase re-nucleates from the SmE phase, forming spherulitic grains.
Moreover, the delayed nucleation and lowered nucleation rates can lead to grain size
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larger than the transistor channel length. Our studies develop a deeper understanding of the crystallization mechanisms and controlling nucleation for small molecule
semiconductors with liquid crystal phases and asymmetric molecules.
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Chapter 5
Transient light-induced aging effects and non-linear carrier injection in organic semiconductor
thin film transistors

5.1

abstract

The stability of organic field effect transistors (OFETs) presents a major challenge
in terms of fundamental understanding and for fabrication of reliable devices for
future applications in electronics. Here, OFET characterization and modeling for
transistors with solution-processed 2,7-Dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8 -BTBT) as the active layer are presented. One specific effect is anomalous aging
in top-contact OFETs is characterized by a large increase of drain current and near-

87

elimination of large negative threshold (Vth ), which progressively decreases over a
period of hours in ambient conditions of light, temperature and humidity. Our results
show that this elimination of non-ideality is predominantly caused by light exposure.
The effects are reversible since storage in the dark causes the large threshold shift
to return. Gate bias produces similar reversible effects on a timescale of minutes; it
is distinct from frequently observed bias stress since the drain current increases with
positive gate bias. That is, it is an enhancement rather than a degradation. These
effects are attributed to a Schottky Barrier at the metal/semiconductor interface,
modulated by charging of gold particles that form during gold vapor deposition onto
organic semiconductor thin films. Bottom-source/drain transistors are free of the
anomalous effect, consistent with the absence of metal particles near the interface.

5.2

Introduction

The performance of Organic Field Effect Transistors (OFETs) can be severely limited by contact effects at the heterojunctions created during device fabrication. [69–71]
Contact resistance leads to insufficient charge injection, significant voltage drops at
the contacts, [72,144] and it limits the effective carrier transport regardless of the bulk
properties of the semiconductor film. In addition, the impact of contact resistance becomes more significant at short channel lengths [145] and at low temperatures. [74,75]
These effects have contributed to slow progress in fundamental studies of the transport properties of organic semiconductors. Thus, understanding contact effects and
reducing contact resistance and stability are pressing issues to solve for the development of organic semiconductor electronic devices. C8 -BTBT is a high mobility
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organic semiconductor that has attracted considerable interest. [21, 124, 146] However, due to its relatively deep Highest Occupied Molecular Orbital (HOMO) level of
around 5.4 eV, [6,147,148] charge injection is particularly challenging with typical (e.g.
gold) contacts due to the energy level misalignment between the HOMO of C8 -BTBT
semiconductor and the Fermi level of the metal. Moreover, top-contact bottom-gate
C8 -BTBT OFETs have been reported to have threshold shifts and changing drain
currents when exposed to air [149] or light. [150, 151] Along with the high intrinsic
mobility of C8 -BTBT, these features make the material very sensitive to contact issues. Thus, C8 -BTBT presents both a challenge and an opportunity for investigation
of the mechanisms contributing to non-ideal carrier injection, aging, and instability.
Here we report observations of the time-dependence of the carrier transport in
field-effect transistors through intermittent characterization of current-voltage characteristics. Output and transfer scans are defined respectively as: (i) measuring the
drain current (Id ) while varying the drain voltage (Vd ) at a constant gate voltage
(Vg ), and (ii) measuring Id while varying Vg at constant Vd . During the time between
measurements, the samples are stored under various conditions mentioned below. A
robust effect that we refer to as anomalous aging occurs during exposure to light and
dark for varying amounts of accumulated time and varying light intensities. Aging
refers to changes in the drain current or the gate-voltage threshold (Vth ) during storage. Each measurement is done over a time interval of less than a minute in order to
help distinguish aging from bias stress, which refers to changes due to the measurement itself. The aging effects that we report are considered to be anomalous since
the transistors improve with time under ambient conditions after they are fabricated,
that is, the drain current increases by an order of magnitude over a period of hours
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or days while the threshold shift, which is initially as much as -40 V decrease to near
zero. Thus, the effects are distinctly different from degradation due to air exposure
or to bias stress, which usually manifest themselves as a decreasing drain current.
We demonstrate that anomalous aging is induced predominantly by light, since little
change is observed if the as-made transistors are stored in the dark between measurements. Moreover, even after aging in ambient light conditions for multiple days,
the reduced Vth shift and increased Id can be reversed by storing the devices in the
dark. These results suggest that long-lived trap states may be responsible for the
effects, although the large threshold shift indicates that the traps are charged under
equilibrium conditions. The effects can also be replicated by positive gate bias for
10’s of minutes at a time, which leads to a much more rapid diminishing of the magnitude of Vth , suggesting that de-trapping of charges can be controlled electrically. We
have also performed a control experiment by using bottom source/drain contact transistors instead of top contacts. In these samples the anomalous aging effect was not
observed, although there is evidence for degradation and bias stress effects induced by
the measurements. Evidently, changing the contacts controls whether the anomalous
aging effect occurs. This is somewhat surprising since it indicates that the threshold
shift originates from effects at the source/drain contacts rather than in the channel
region of the devices as we would have näively assumed. As we discuss below, charge
traps beneath the source and drain can inhibit injection of holes and current flow
by depleting itinerant charges in the semiconductor underneath the contacts. When
the measurements are done quickly the results depend predominantly on the storage
conditions of the devices, while applying the gate bias for extended intervals on the
order of 10’s of minutes can also induce the aging effect ore reverse it, depending on
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the direction of the bias.
A model which explains the aging mechanisms involving light and the differences
between the top/bottom contacts is also presented. During aging, the positive Vth
shift indicates that positively trapped charges are being released by light in the part
of the channel under the contact. The origin of the deep traps is attributed to gold
particles embedded in the semiconductor film, [152] and these particles can become
positively charged. [153] Gold penetration does not occur in the bottom contact transistor geometry since the gold contacts are deposited before the semiconductor layer,
and this may explain why the bottom contact transistors are free from anomalous
aging. Contact resistance and changes in Schottky barrier height are evaluated by
fitting the output characteristics, based on a general Schottky barrier model. [102] The
fitting parameters point to a reduced Schottky barrier and contact resistance after
exposure to light, which is linked to light activated de-trapping in the semiconductor
under the contact.

5.3
5.3.1

Experimental Section
Device Fabrication

Heavily doped n-type (100) silicon wafers with a 330 nm thermally grown silicon oxide
layer of a size 20mm×15mm from Ossila Inc. were used as substrates for fabrication of
OFETs. The substrates are cleaned by ultrasonication in deionized water, acetone and
isopropanol respectively, followed by treatment in a 3.0 wt.% triethoxyphenylsilane
(PTS) solution of toluene for 15 h at 110◦ C, and finally rinsed with toluene, acetone
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and isopropanol. Arrays of gold source and drain electrodes are thermally evaporated
through a shadow mask onto the organic semiconductor, with a channel length of 30
- 80 µm and a width of 1000 µm to form a bottom gate top contact OFET geometry.
The thickness of gold is 35 - 40 nm. The 330 nm silicon oxide serves as the gate
dielectric layer with Ci = 9.09 nF/cm2 .
Organic thin films were solution-processed using a pen-writing technique. [108]
A C8 -BTBT solution in toluene with a concentration of 1.3 - 1.7 wt.% is held in
the rectangular pen (0.5 mm × 5.0 mm) by capillary forces. A computer-controlled
linear translation stage (Newport, M-VP-25XA) is used to move the substrate at a
controlled speed of 0.01 - 25 mm/s. The films used in this paper are typically written
at slow speed of 0.2 - 0.6 mm/s at room temperature or 45◦ C with aligned large grains
of hundreds of micron meters.
Two different OFETs structures are examined to compare the impact of different
contact and interfaces. i) Top-contact bottom-gate transistor: organic thin films are
deposited with the pen-writing method before gold evaporation and the Ossila wafer
provides bottom gate (Si) and dielectric (SiO2 ). ii) Bottom-contact bottom-gate
transistor: gold evaporation is performed on the PTS treated Ossila wafers before
writing any organic thin film. These electrodes were then treated for 15 min using a
10 mM solution of room-temperature pentafluorobenzenethiol (PFBT) in isopropanol
followed by a 2-minute isopropanol rinse and 5-minute annealing at 60◦ C.

5.3.2

OFET Characterization

The electrical measurements are carried out on a probe station (Cascade M150) with
Keithley 2636 source meter under ambient conditions.
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5.3.3

Light Exposure

The direct light exposure performed on the samples is done by a broad-spectrum
halogen lamp in a dark room to control the light source. The 12 V and 20 W lamp
is placed 22 cm away from the sample with or without a 1.0 filter in front the sample
to vary the light intensity, which is measured by a photo diode at the location of the
samples.

5.4
5.4.1

Results and Discussion
Comparing Anomalous Aging in Top and
Bottom Contacts

Figure 5.1 shows a comparison of top-contact [Figure 5.1(a, c)] and bottom-contact
[Figure 5.1(b, d)] transistors placed in ambient air and light. Representative transistors with the two structures are analyzed with mobilities of 2.21 cm2 /V-s and 1.35
cm2 /V-s for top and bottom contact respectively. Results for additional devices from
the same two transistor array samples are shown in Appendix A Fig. A.1.
Fig. 5.1(a) shows the transfer characteristics for a top contact transistor. The asmade device (0 h) exhibits a large negative Vth that gradually shifts towards zero
during aging. The details regarding the origin of the highly negative Vth in top contact transistors are discussed in section 2.3.
In contrast, bottom contact transistors – where the gold contacts are deposited before
the semiconductor layer – do not exhibit a large Vth either in as-deposited transistors
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or after aging. However, a small negative shift of the threshold is observed in Fig.
5.1(b), with might be induced by charging of traps during gate bias. In the second
measurement taken after 24 hours, the current has decreased overall and, Vth has
shifted by −8 V, and the mobility estimated from the slope in Fig. 5.1(d) dropped
from 1.35 to 1.2 cm2 /V-s. We observe that most of the degradation occurs when
multiple measurements are performed in succession, while much less degradation occurs during storage in ambient conditions over a few days. Thus, the degradation
in the bottom contact geometry is significantly bias-dependent rather than being
purely time-dependent and these changes are likely to be attributable to classic bias
stress. [76, 154] This effect is illustrated in more detail in Appendix A Fig. A.2.
Modeling results are shown in Fig. 5.1(c, d) and (e, f). The modeling procedure,
which is described in Section 5.4.2, allows us to estimate both the contact resistance
Rc and the channel resistance Rch as a function of Vd , which are plotted in Fig. 5.1(e,
f). Fig. 5.1(e) shows that in the aged top-contact transistor the contact resistance is
larger than the channel resistance when |Vd | is less than 10 V. The large Vth suppresses
the current and leads to pronounced non-linear turn-on in the output characteristics,
which is observed between Vd of 0 and -10 V in Fig. 5.1(c). The model also reproduces
the low current in the as-made device in Fig. 5.1(c) where the contact resistance limits the current over the whole range of Vd . In the case of bottom contact transistors,
it is seen in Fig. 5.1(f) that the channel resistance for Vd > 10 V is dominant even
in the as-made sample, so that contact resistance is less problematic for the bottom
contact geometry. Thus the transfer results in Fig. 5.1(d) are relatively unaffected
by contact effects, although the aforementioned bias stress is clearly observed.

94

Figure 5.1: Comparison of Top-contact and Bottom-contact transistors with the same
bottom-gate and dielectric materials. (a) Transfer and (c) Output characteristics of a topcontact transistor at 0 hour and 96 hours later. (b) Transfer and (d) Output characteristics
of a bottom-contact transistor at 0 hour and 24 hours later. The output current in (a, b) are
fitted by a Schottky Barrier model with a fixed channel mobility as labeled, which is extracted
from the transfer curve in (a, b) at 96 h for top-contact and at 0 h for bottom-contact. Based
on the fitting, the channel resistance and contact resistance are calculated and mapped as
a function of drain voltage for top-contact structure in (e) and bottom-contact structure in
(f). The inset shows the corresponding OFET structure and carrier injection path. Arrows
in (a,b,d,e,f) indicate the direction of the changes with increasing time. Arrows in (b,d)
indicate the direction of forward/reverse voltage sweeps. (b) has both kinds.
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5.4.2

Contact Resistance Evaluation

An ideal ohmic contact would produce linear charge injection with increasing Vd .
On the other hand, Schottky contacts are formed when there is a potential energy
barrier that blocks current flow in one direction across a metal/semiconductor interface. [155,156] The Schottky barrier can be modeled as voltage-dependent resistance.
We note that in the top contact structure, the charge carriers also have to pass through
the film vertically to reach the conducting channel at the semiconductor/dielectric
interface. Therefore, the contact resistance can be divided into two parts: the interfacial contact resistance Rc,int that is directly related to the Schottky Barrier and the
access resistance from the electrode to the channel Rc,bulk . [6,90,97] This is illustrated
in Figure 5.2.

Figure 5.2: Equivalent circuit model for contact resistance with contributions from the interface (Rc,int ) and through the semiconductor layer in a staggered contact geometry (Rc,bulk ).
The channel resistance Rchannel is related to the channel dimensions, the induced charge per
unit area, and the carrier mobility.

The drain current can be expressed as drain voltage over the total resistance of

96

the device shown below.

Id =

Vd
Vd
Vd
=
=
Rtotal
Rc,total + Rchannel
Rc,int + Rc,bulk + Rchannel

(5.1)

In the gradual channel approximation the channel resistance Rchannel and Rc,bulk in
the linear regime Vd < (Vg − Vth ) can be written as

Rch =

Rc,bulk =

L
µW Ci |Vg − Vth − Vd /2|

∆L
µvertical W Ci |Vg − Vth − Vd /2|

(5.2)

(5.3)

Note Rc,bulk has the same form as Rch with ∆L being the film thickness and µvertical
being the vertical mobility in the access region under the electrodes. Therefore, Rc,bulk
is only applicable when vertical transport happens in the access region and the vertical
mobility is much smaller than the channel mobility. Rc,bulk is assumed to be negligible
in a bottom contact bottom gate structure because the injection happens laterally.
In the saturation region Vd > (Vg − Vth ): In the saturation region Vd > (Vg − Vth ):

Rch =

Rc,bulk =

Vd × L
µW Ci (Vg − Vth )2

Vd × ∆L
µvertical W Ci (Vg − Vth )2

(5.4)

(5.5)

The interfacial resistance Rc,int relevant to the Schottky barrier height, cannot be
modeled as a constant resistance value, since the current increases non-linearly with
the applied voltage. In this model, Rc,int is simplified to a general applicable form:
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Table 5.1: Schottky Barrier Model fitting parameter values in column 2 - 6 referring to Fig.
5.1(a) and Fig. 5.4(b), and resulted contact resistance values in the last 3 columns at Vd
= -60 V calculated from the fitting parameters referring to Fig. 5.1(e) and Fig. 5.4(d) for
the Top contact sample.

Time
(hour)
0
7
20
30
51
72
96

R0
(kΩ·cm)
8.23
5.46
1.68
1.03
0.62
0.43
0.32

A
(kΩ·cm)
2.9×103
3.5×103
3.5×103
1.1×103
7.4×102
5.5×102
4.6×102

B
(V−0.5 )
1.57
1.67
1.92
1.64
1.58
1.53
1.50

Vth
(V)
-38.8
-29.7
-15.2
-13.6
-10.6
-8.5
-7.6

µvertical
Rc,bulk
2
(cm /V·s) (kcm)
8.8×10−3 27
8.0×10−2 1.45
2.1
0
2.1
0
2.1
0
2.1
0
2.1
0

Rc,int
(kΩ·cm)
8.24
5.47
1.68
1.03
0.62
0.43
0.32

Rch
(kΩ·cm)
38.1
18.7
8.54
7.96
7.02
6.46
6.24

Table 5.2: Schottky Barrier Model fitting parameter values in column 2 - 6 referring to Fig.
5.1(d) and resulted contact resistance values in the last 3 columns at Vd = -60 V calculated
from the fitting parameters referring to Fig. 5.1(f) for the Bottom contact sample.

Time R0
A
B
Vth
−0.5
(hour) (kΩ·cm) (kΩ·cm) (V ) (V)
0
0.83
4.3×101 1.04
-1.6
1
24
1.04
2.4×10
0.73
-9.3

µvertical
Rc,bulk
Rc,int
2
(cm /V·s) (kΩ·cm) (kΩ·cm)
0
0
0.85
0
0
1.12

q

Rc,int ∼
= A exp(−B |Vd |) + R0

Rch
(kΩ·cm)
5.58
7.42

(5.6)

Here, A is directly related to the effective Schottky Barrier ϕef f and expressed as:

A∝

1
exp(ϕef f /KT ), 1001[102]
N0 µγ

(5.7)

In this expression, N0 is the number of charge hopping sites and µ is the carrier
mobility. The model of Equations 1 through 6 allows us to estimate both the contact
resistance and the channel resistance.
Fig. 5.4(a,b) shows more electrical characteristics in the 96-hour time period for
the top-contact bottom-gate transistor sample from Fig. 5.1(a,c,e). The drain cur98

Table 5.3: Schottky Barrier Model fitting parameter values in column 2 - 6 and resulted
contact resistance values in the last 3 columns at Vd = -60 V calculated from the fitting
parameters for the Bottom contact sample with/without PFBT in Fig. 5.7.

PFBT R0
(Y/N) (kΩ·cm)
No
5.95×102
Yes
0.83

A
B
Vth µvertical
Rc,bulk
Rc,int
(kΩ·cm) (V−0.5 ) (V) (cm2 /V·s) (kΩ·cm) (kΩ·cm)
7.5×103 1.13
-7.3 0
0
5.96×102
1
4.6×10
0.88
-4.5 0
0
0.88

Rch
(kΩ·cm)
24
21.7

rent is observed to increase with time and the threshold voltage shifts towards 0 V
continuously in ambient air and light. The change is most rapid in the first 24 hours.
Again, the output characteristics in Fig. 5.4(b) are estimated by using the Schottky
Barrier model. The full list of fitting parameters are shown in Table 1. Table 2 shows
results for the bottom contact measurement shown in Fig. 5.1(b, d, f).
As labeled in Fig. 5.4(b), at 20 hours and later the channel resistance is dominant
over the contact resistance, indicating a reliable channel mobility extracted from the
transfer curve slope in Fig. 5.4(a). At 0 hour, even in the saturation regime (Vg
= Vd = -60 V), channel resistance and contact resistance are almost equal, shown
in Fig. 5.1(e). In such case, drain current is limited by contact resistance, thus the
extraction of mobility from the transfer slope at Vd = -60 V will not be accurately
represent the channel mobility. This is the reason why the first two mobility points
were dropped in Fig. 5.4(c) since the mobility extracted from the slope of the transfer
curves is considered to be underestimated. We denote the reliable channel mobility as
measured when Rch  Rc,total . Thus, the channel mobility remains relatively stable
during aging, which provides an additional indication that the anomalous aging effect
is a contact effect by nature. Fig. 5.4(d) shows the decreasing of modeled contact
resistance with time and a schematic view of the light-activation process. We conclude from these results that the aging effect can be described as a process of reducing
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contact resistance and enhancing charge injection through the Schottky barrier.
The non-linear current-voltage curve can also be attributed to several alternative
mechanisms, such as the Poole-Frenkel (PF) effect [157]. PF describes thermal emission of charge carriers from coulombic traps in the bulk of a dielectric or semiconductor, enhanced by the application of an electric field. [158] However, PF is expected
to impact the channel resistance, whereas in our experiments the turn-on effect is
evidently associated with the contacts since changing the contact geometry has such
a pronounced effect. Thus, PF is unlikely to be the cause of the non-linearity in
our devices. As a comparison, we modeled the ideal output characteristics without
contact resistance, which shows linear charge injection and higher current than the
counterpart with contact resistance ( see Appendix A Fig. A.3). Conventionally, the
transfer line method (TLM) is used to evaluate the contact resistance. However, it
becomes less applicable in cases where the contact resistance changes as a function
of the drain voltage, as in Equation 6, whereas the Schottky barrier model estimates
Vd -dependent resistance for each individual device. As shown in Tables 1 and 2,
the model also gives additional information regarding the Schottky barrier height —
which is related to the parameter A — as well as the vertical transport in the access region. To illustrate the correspondence between our model and TLM, a TLM
curve was generated from an average of the fitting parameters for different transistor
channel lengths, showing that the model produces reasonable estimates of the total
resistance at both different channel lengths and drain voltages. Results are shown in
Appendix A Fig. A.4.
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5.4.3

The Effect of Light in the Anomalous Aging

In top-contact transistors, when Au is directly evaporated onto the semiconductor the evaporation often causes penetration issues [77, 152] and degradation of the
semiconductor layer underneath the metal. [80, 81] As a result, high threshold voltage [159–161] and non-linear current at small drain voltage [161, 162] have been observed in this geometry. Inserting a charge-injection layer of FeCl3 [6] or MoO3 [90]
under the contact are generally used to solve these contact effects. But in some cases,
even with an added charge-injection layer, the transistors still present non-linear
charge injection. [163,164] The bottom contact configuration is an alternative to avoid
gold-diffusion related issues. However, extra fabrication steps such as Self-Assembled
Monolayers (SAMs) are generally needed to ensure reasonable performance. In addition, if the gate is also on the bottom, its coplanar geometry reduces the device
performance, evidently due to a contact effect related to a discontinuity of the carrier
concentration near the channel ends. [165] It is therefore essential to gain a deeper
understanding of the charge injection interfaces and the detailed differences between
the top and bottom contact structures.
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Figure 5.3: Illustration of aging effect at 0 hour: (a, c) and after light exposure: (b, d) at
the gold/C8 -BTBT interface for top contact bottom gate transistor in terms of schematic
view in (a, b) and electron energy diagram in (c, d). The dashed line in (a, c) indicates a
vertical profile being illustrated in (c, d) from left to right respectively.

Fig. 5.3 depicts our model of the light-activation process that induced the decreasing of the effective barrier height ϕef f after light exposure for the top contact
transistors. Fig. 5.3(a) illustrates the ground state with penetrated gold particles.
The highly negative Vth in the ground state indicates there are positively charged
deep traps. [62, 166, 167] It is energetically favorable for positive charge to reside in
the gold particles, since the HOMO of C8 -BTBT is deeper than the work function
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of gold. There is no barrier for holes to flow from C8 -BTBT to gold, but very large
injection barrier for holes to move back to C8 -BTBT. This injection barrier is even
larger than the normal Schottky barrier, since the barrier is enhanced by the built-in
potential Vbi resulting from the band bending as Fig. 5.3(c) shows.
Fig. 5.3(c) shows the energy diagram in the dark-storage state. We consider
C8 -BTBT as an intrinsic semiconductor, since it is undoped. The Fermi level of C8 BTBT in the middle of its band gap around 3.27 - 3.84 eV [151,168], will be most likely
higher than the work function of a vacuum-deposited polycrystalline Au film, which
usually ranges from 4.3 - 4.6 eV. [6, 169, 170] Therefore, when the semiconductor and
metal make contact, electrons will diffuse from the higher Fermi level side to the lower
Fermi level and make the band bending downward going into the semiconductor. In
this case, a large injection barrier for holes is formed, which is the sum of the Schottky
barrier for holes ΦB,p and the built-in potential (energy) qVbi . [171]
If we consider the Schottky-Mott rule, [172, 173] the injection barrier is the difference between the metal work function Φm and the ionization energy I of a p-type
semiconductor.
ΦB,p = I − Φm

(5.8)

However, in reality the injection barrier can be modified by the interface dipole ∆
formed at the metal and semiconductor interface as the equation: [174, 175]

ΦB,p = I − Φm − ∆
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(5.9)

Therefore, the effective barrier height can be expressed as:

ϕef f = I − Φm − ∆ + qVbi

(5.10)

In the top contact transistors, we do not consider the formation of an extra interface dipole. Instead, we assume the reduction of barrier height stems mostly from the
elimination the built-in potential, which results from a flat band after light exposure,
since the intrinsic organic semiconductor has very little band bending. This amount
of potential (0.05 eV) in Figure 5.3(c) is estimated from the reduced ϕef f calculated
from the ratio of the estimated values of A at 0 and 96 hour in Table 1, assuming
that µ and N0 are unaffected by the anomalous aging.
We have observed a dominant effect from direct light in the experimental data.
Similar performance enhancement have been reported when the C8 -BTBT transistors
are exposed to air and the origin of the enhancement was tentatively attributed to
moisture after ruling out oxygen and nitrogen. [149] However, our transistor data
showed little change when the sample is stored in the dark and ambient air from the asprepared state (See Appendix A Fig. A.5). Moreover, no change was observed when
we checked the effect of different pure gases including oxygen, nitrogen and water
vapor. Photo-induced current and Vth shifts in organic semiconductors [176, 177]
have been reported, including Vth shift in C8 -BTBT transistors in agreement with
our results. [150, 151] Here, we have observed that light not only induces a Vth shift,
but also improves charge injection and reduces contact resistance, leading to reliable
extraction of the channel mobility.
Fig. 5.3(b) illustrates the model, where penetrated gold particles have been discharged under light. Figure 5.3(d) shows the energy diagram after light exposure.
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We assume light will reach the semiconductor under the gold electrodes, since it is
reported that around 10 -15% of light is able to go through a 35 nm gold layer. [178]
Based on the modeling of contact resistance, we suggest that photons with energy
larger than the band gap are absorbed and cause discharging of charged trapped at
gold particles, band flattening and the reduction of barrier height, as well as the
total contact resistance, as the fitting parameters of output characteristics indicate.
Similar effects of light-induced discharging of gold clusters at the gold and organic
semiconductors interface has been observed. [179] Our model interprets the effect of
light similarly to the mechanisms of Schottky solar cells. [180] Electron-hole pairs are
created with the photons and then separated by the potential difference in the depletion region. Electrons drift toward high potential where the positively charged gold
particles are, neutralizing the trapped positive charge. Holes go to the metal surface
and act to flatten the band as the potential difference is reduced in the depletion
region, which is reported as the surface photovoltage effect [181,182] that changes the
surface potential.
As labeled in Fig. 5.4(b), only at 20 hours and later, the channel resistance is
dominant over the total contact resistance, indicating a reliable channel mobility extracted from the transfer curve slope in Fig. 5.4(a). At 0 hour, even in the saturation
regime (Vg = Vd = -60 V), channel resistance and contact resistance almost equal,
shown in Fig. 5.1(e). In such case, drain current is limited by contact resistance,
thus the extraction of mobility from the transfer slope at Vd = -60 V will not be
accurately represent the channel mobility. This is the reason why the first two mobility points were dropped in Fig. 5.4(c) since the contact resistance still poses a
significant impact on the mobility extraction. We define the reliable channel mobil-
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Figure 5.4: Aging effect of a top-contact transistor with L = 27 µm, W=1000 µm. (a)
Transfer characteristics of the transistor at different times after it was made. (b) Output
characteristics of the transistor at different times after it was made. (c) Mobility extracted
from the slopes of transfer curves in (b) and threshold voltage at different times after it
was made. (d) Modeled contact resistance at different times at Vd = -10 V and -60 V,
with a schematic view of light-induced improvement for the top-contact transistor with gold
diffusion.
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ity as measured when Rch  Rc,total . Thus, the channel mobility remains relatively
stable during aging, indicating that the anomalous aging effect is a contact effect by
nature. Fig. 5.4(d) shows the decreasing of modeled contact resistance with time and
a schematic view of the light-activation process. Therefore, the aging effect can be
described as a process of contact resistance reducing and charge injection enhancing
with the Schottky barrier model.

5.4.4

Reversibility the Anomalous Aging

Fig. 5.5(a,b) plot the average threshold voltage and mobility as a function of time
respectively during light exposure and dark storage. Values are extracted from the
transfer characteristics, which are shown in Appendix A Fig. A.6. Figure 5.5 shows
that (i) the effect of light drives the aging process; (ii) the effect of light can be
reversed if the samples are stored in the dark after light exposure; (iii) the rate of
changing current or threshold voltages could be controlled by light intensity. We
expose two sets of top contact bottom gate transistors to different light intensity of
6 mW/cm2 and 30 mW/cm2 respectively, followed by dark storage after 64 hours.
Fig/ 5.5(a) shows that the average threshold voltage slowly shifts backwards to
where they were before the light exposure for both light intensities. It is also shown
that the threshold voltage shift is larger and faster with higher intensity of light.
However, with higher light intensity, the hysteresis of the transfer curves becomes
larger after 16 hours of 30 mW/cm2 light exposure. (see Appendix A Fig. A.6)
Fig/ 5.5(b) shows the mobility change during light exposure of different intensities. As mentioned before, when the contact resistance is comparable with channel
resistance, the extracted mobility is considered to be unreliable. Therefore, in Fig.
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Figure 5.5: Controlled comparison of two batches of top contact transistors exposed to different light intensity, with all of the films written at 0.25 mm/s, 25 ◦ C and L = 30 µm,
W=1000 µm. (a) Comparing average threshold voltages over the light and dark time for
different intensity of light. (b) Mobilities are extracted from the slope of transfer characteristics. The ones in solid markers are used as constants in the Schottky-Barrier model. The
open circles indicate unreliable mobility of the channel when Rch  Rc,total is not satisfied.
Each data point in (a-b) is an average of 6 transistors. (e)(f) Modeled contact resistance
and channel resistance at different times for one representative transistor in (a) and (b)
respectively.
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5.5(b) the open circles indicate the unreliable mobility extracted from the transfer
curves in the saturation regime, when Rch  Rc,total is not satisfied. Note these
unreliable mobilities happened at the very beginning of aging and in the dark. The
corresponding plots of resistance with respect to time for these two samples are shown
in Figure 5.5(c,d). Resistances calculated from the model fitting parameters of the
corresponding output characteristics. (Appendix A Fig. A.7) The shaded area in Fig.
5.5(c,d) indicates the time when Rch  Rc,total during which the reliable mobility is
also shown as solid points in Figure 5.5(b). Similar with aging in ambient air and
light in Fig. 5.4, channel mobility remains relatively stable under light of 6 mW/cm2 .
Whereas with 30 mW/cm2 of light intensity, the channel mobility starts to decrease
after 18 hours of light exposure possibly due to some photo-induced damage to the
film. Furthermore, when another light cycle performed to the same samples after the
dark storage, the sample exposed to 30 mW/cm2 of light could not get mobility back
as in the first light cycle. (Appendix A Fig. A.8) This is also evidence that the 30
mW/cm2 of light caused irreversible changes to the transistor while the effect from
the 6 mW/cm2 of light is almost reversible. (Appendix A Fig. A.8)
A control sample was stored in the dark from the (as-prepared) ground state while
the two samples were exposed to light. The transistor in the dark did not improve in
current or threshold voltage as the transistors would have when exposed in ambient
condition or direct light. (Appendix A Fig. A.5) No extra bias was applied to the
transistor during light exposure or dark storage. Transfer and output characteristics
were measured under minimal ambient light. This exposure and measurement cycle
was repeated until the cumulative exposure time reached 64 hours, after which a new
cycle started with samples stored in dark.
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Figure 5.6: The effect of positive and negative gate bias on a top contact bottom gate
transistor with L = 30 µm, W=1000 µm. (a) Transfer characteristics of the transistor
measured after a series of 20 minute-positive-gate-bias at different gate voltages respectively
while keeping the source and drain grounded. (b) Transfer characteristics of the transistor
measured for the same transistor after 12-hour of +60V gate bias with a series of 1minnegative-gate-bias at different gate voltages respectively, followed by another 14-minutegate-bias at -60 V and another 20-minute of positive 60 V afterwards. The source and
drain were grounded during the stressing time. (c-d) Threshold voltage extracted from the
transfer curves in (a-b) respectively as a function of the gate voltage.
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5.4.5

Electrical Control of Anomalous Aging

The discharge process has also been observed when applying gate bias. Fig. 5.6
shows the effect of constant positive and negative gate bias on a top contact transistor.
Under constant positive gate bias with source and drain grounded, Fig. 5.6(a) shows a
similar trend in the transfer characteristics as in Fig. 5.3(a) with ambient light or Fig.
5.5(a,b) with direct illumination. When the positive gate bias is applied, electrons
are induced in the semiconductor near the dielectric interface, which neutralize the
positive charges trapped in the gold particles. Linear mobility also increases with
positive gate bias, although it is Vg dependent and smaller than saturation mobility,
which is expected to be under the impact of contact resistance at small Vd . (Appendix
A Fig. A.9) The increase in current and threshold voltage shift is proportional to the
magnitude of gate voltage, which provides different strength of electric field. Fig.
5.6(c) plots the Vth increases with higher gate bias. Each point is measured after a
20-minute constant bias. On the other hand, applying negative gate bias is observed
to have a reverse effect of the anomalous aging. As shown in Fig. 5.6(d), under
negative gate bias the transfer characteristics move back to where they were before
positive gate bias. This could be attributed to an equivalent effect of pushing the
positive charges back to the gold particles. Thus, the effect of gate bias is reversible
since the current increase and threshold shift to positive again in the last point after
a 20-minute-gate-bias at positive 60 V. As expected, current and threshold voltage
do not change significantly with positive gate bias in bottom contact transistors,
(Appendix A Fig. A.10) since there are no penetrated gold particles in bottom contact
and different ground state. Measurement in the linear regime also shows the same
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trend. (Appendix A Fig. A.11) With negative gate bias, threshold voltage shifted to
the negative direction in bottom contact transistors as well. At first glance, this is
similar with the top contact transistor under negative gate bias. However, they should
be dominated by different physical origins. The top contact transistors are affected
by penetrated gold particles, with which the charge retention and releasing can be
controlled by light solely. In bottom contact the degradation is more dependent on
the bias stress, which could be associated with the coplanar structure. The staggered
or coplanar geometry has been reported to induce different electrical stability. The
latter is more sensitive to stress-generated traps or defects. [183]
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5.4.6

The Effect of PFBT in Bottom Contact
Transistors

Figure 5.7: A Schottky Barrier scheme at the gold/C8 -BTBT interface (a) without PFBT
treatment (b) with PFBT treated gold electrode. (c) Compare the drain current at Vg =
-60 V for the bottom contact transistors with and without PFBT SAM layers. The mobility
1.66 cm2 /V·s is also the saturation mobility extracted from the transfer characteristics. The
mobility 1.5 cm2 /V·s is the assumed channel mobility of the contact-dominated transistor
without PFBT. (d) The contact resistance Rc and channel resistance extracted from the
model by fitting in (c) for both cases of with/without PFBT treatment.
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Pentafluorobenzenethiol (PFBT) are self-assembled monolayers commonly used for
improving the contacts in OFETs. [184] Binding PFBT to Au surface has been a
necessary step to obtain reasonable performance for the bottom-contact structure in
our experiment. By analyzing the contact resistance using the Schottky barrier model,
it is observed that PFBT induces similar effect with light, which improves the charge
injection and reduce the contact resistance. Fig. 5.7 shows the bottom contact bottom
gate transistors with and without PFBT treated electrodes. The energy diagrams
in Fig. 5.7(a,b) represent that the reduced effective Schottky barrier is a result of
the interface dipole induced by PFBT. Studies suggest the interface dipole facing
down to the metal is from the Au+ S− dipole layer and the dipole layer within the
thiol molecules. [185] Thus, as equation (9) indicates, this interface dipole induced by
PFBT is able to reduce the effective Schottky barrier height. The value 0.13 eV of this
dipole is estimated from the same way in Fig. 5.3, which is extracted from the fitting
parameter A. The output current fitted with the Schottky barrier model is shown in
Fig. 5.7(c) and the corresponding fitting parameters for the transistors with/without
PFBT are shown in Table 3. In Fig. 5.7(c), the drain current is severely suppressed by
dominant contact resistance without PFBT treatment. Note that there is no access
region or vertical transport under the contacts in this geometry, unlike the top-contact
bottom-gate structure. The charge injection should happen from the side of electrode
as indicated in Fig. 5.7(c). Therefore, Rc,bulk is not applicable and here Rc,total = Rc,int .
Figure 6d shows the modeled resistance calculated from the fitting parameters. It is
clear that the contact resistance dominated over channel resistance without PFBT
treatment and after the treatment channel resistance dominated instead. We can
see in Appendix Fig. A.12, the compare of the transfer characteristics of the two
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transistors with/without PFBT shows that PFBT does not cause any significant Vth
shift. The fact that bottom contact with the same dielectric, does not have the
highly negative Vth as the top contact in the ground state, again indicates that the
different Vth stem from different metal semiconductor interfaces created by different
procedures.

5.5

Conclusion

In summary, we observed an anomalous aging effect associated with the top-contact
bottom-gate C8 -BTBT transistor. The enhanced performance of smaller Vth , improved charge injection and lower contact resistance during the aging are attributed
to a photo-activation process. Our data is consistent with a model in which the penetrated gold particles charged positively in top contact, leading to dominant contact
resistance and insufficient charge injection. The anomalous aging effect could be controlled by exposing to different intensities of light, storing in the dark or applying
gate bias. It can also be eliminated by removing the penetrated gold particles in the
bottom contact structure.
Our observations reveal the instability of the top-contact OFETs and the potential
damage lies in the fabrication process. The model develops a deeper understanding of
the differences between the top and bottom contact structures, especially the different
metal semiconductor interface created by the processing methods. Although we are
working on eliminating the effect to make stable transistors, it is possible to utilize
the charge storage property of Au to make memory devices. [153]
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Chapter 6
Summary and Future outlook

6.1

Summary

In this thesis, we have investigated the transient effects observed in the organic thin
film crystallization and in the organic field effect transistors. We have used powerful
in-situ characterization techniques to build a deeper understanding of the crystallization process of small-molecule organic semiconductors using the pen writing method
from solution, which is compatible with roll-to-roll in the industry. The transient
light-activated effects shed light on the importance of environmental reliability and
efficient charge injection of organic field effect transistors. Our study highlights the
key challenges lie in solution processing of small molecule organic semiconductor and
the electrode-semiconductor contacts prone to defects especially when scaling down
the transistor device. Our understanding of the crystallization mechanisms of organic
semiconductor thin films and the contact effects of the OFETs leads to methods to
control the OSC crystallization process, to improve charge injection and environmental reliability.
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As detailed in Chapter 3, the crystallization in the Landau-Levich-Derjaguin
(LLD) regime at certain temperatures of solution-processed 2,7-dioctyl[1]benzothieno[3,2b][1]benzothiophene(C8 -BTBT) starts with the liquid crystal phase even below the
transition temperature of the liquid crystal phase in the bulk. The model is consistent with the Ostwaldâs rule of stages and classic nucleation theory. Furthermore,
the mechanisms lead to large grain size in the LLD regime, which provides an effective solution to the challenge in the LLD regime. In Chapter 4, the mechanisms
extended to Ph-BTBT-C10 with new observations resulted from to the SmE liquid
crystal phase and the asymmetric Ph-BTBT-C10 molecule.The asymmetric molecule
leads to doubling unit cell, which makes the crystalline lattice differ from the SmE
liquid crystal lattice. This difference induced additional transient phase when the
lattice transforms from SmE to crystalline. This transformation also involves profound symmetry breaking of the metastable SmE structure, resulting in large free
energy barrier and an extremely long time for phase transformation. Our results develop a deeper understanding on the crystallization process of organic small molecule
semiconductors from solution. The study shed light on designing methods to control
nucleation and crystallization.
In Chapter 5, we look into the transient effects with C8 -BTBT top contact OFETs
and described them as the anomalous aging effect, in which the performance of enhanced through smaller Vth , improved charge injection and lower contact resistance.
This enhancement is attributed to a photo-activation process and penetrated gold
particles during the fabrication of top contact. The transient effects were eliminated
either taking light away by dark storage or removing the penetrated gold particles
by a different fabrication sequence. Our observations reveal the instability of the
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top-contact OFETs and the potential damage lies in the fabrication process. The
model helps to understand the differences between the top and bottom contact structures, especially the different metal semiconductor interface created by the processing
methods.
Weak val der waals force between the organic molecules. sensentive to external
conditions, like the processing conditions, environmental conditions, Both transient
effects are originated from the Our understanding of the crystallization of

6.2

Future Directions

We have observed the crystallization mechanisms that predicts certain sequence of
phase formation at certain conditions on two small molecule OSCs. This model
holds true with different liquid crystal phase in C8 -BTBT and Ph-BTBT-C10 . It
is of great significance for the development of both fundamental understanding and
practical applications to extend the mechanisms to other organic semiconductors.
It could start with OSCs that has liquid crystal phase in their DSC curve. When
the processing temperature gets close the bulk phase transition temperature, the
model predicts crystallization would start with meta-stable phases before reaching
the crystalline state. If the temperature is closer to the bulk phase transition, the
higher the nucleation barrier would be for phase transformation to happen. This way
could effectively control the nucleation rate, resulting in different grain size. Thus,
we can choose a group of representative OSCs and further investigate the nucleation
process, as well as utilize the methods to design optimal processing conditions based
on DSC curves of the materials.
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The transient effects we have observed in the thin film crystallization and OFETs
reveal the critical impact of processing conditions on the OSC thin film quality and
the corresponding OFETs performance. The fabrication processes of organic devices
certainly need extra cautions and consideration of the external environmental influences. Considering the gold penetration issues, we could use a bottom contact
geometry to avoid. However, the coplanar geometry in bottom contact bottom gate
structure is also found not to be ideal for charge injection. A bottom contact top
gate structure seems to be an ideal option in the aspects of both stability and performance. A polymer dielectric layer on the OSC thin film can be effectively utilized
as a protection layer from environmental elements. In addition, the top gate makes a
staggered geometry that is reported to be better than the coplanar. Another way to
avoid gold penetration is to use other vacuum-free methods to deposit gold instead
of the destructive thermal evaporation for fragile OSC thin films.
Although we are trying to eliminate the transient effects to make stable transistors,
it is possible to utilize the charge storage property of Au to make light-detecting
device [168] or memory device. [153] The observed photo-effects are also potentially
useful for photo-detecting applications. To make memory device, the threshold change
represents the difference in 0 and 1 state. However, the switch time need to be
improved either by shrinking device size or increase the mobility. To make photo
detector, the light detecting property needs to be thoroughly studied in terms of
responsivity to different wavelengths and light intensities etc.
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A.1

Supplementary Information for Chapter 5

Figure A.1: (a) Transfer characteristics of 5 top contact transistors of the same batch in
Fig. 5.1(ace). (b) Transfer characteristics of 6 bottom contact transistors of the same
batch in Figure 1(bdf). Each labeled mobility is extracted from the slope. Calculated average
mobilities for the top and bottom contact transistors are 1.9 cm2 /V·s and 1.1 cm2 /V·s
respectively.
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Figure A.2: A bottom contact bottom gate transistor with PFBT treated gold and films
written at 0.25 mm/s and room temperature. Channel length and width are L= 60 µm,
W=1000 µm. comparing (a) output characteristics (b) Transfer characteristics as made
and at different times when the transistor is stored in ambient air and light.

Figure A.3: A typical output current of a top-contact transistor fitted with the Schottky
Barrier model and two modeled drain current curves without contact resistance and with a
constant contact resistance same as the last fitting parameters of the real current. The same
mobility 2.25 was shared in the fitting and modeling.
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Figure A.4: Average the parameters over individual fitting of 16 transistors with varied
channel length and get mu: 2.29 cm2 /V·s, A: 3.57×103 kΩ·cm, B:1.94, R0: 2.61 kΩ·cm,
which are used to plot the modeled total resistance, contact resistance and channel resistance
at (a) Vd = -10 V and (b) Vd = -18 V.

Figure A.5: Controlled sample stored in the dark since it was made. (a) Transfer characteristics of one typical transistor stored in the dark right after it was made. (b) Comparing
the average threshold voltages over time of the three batches of transistors. Each data point
is an average of 5-6 transistors.
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Figure A.6: Transfer characteristics of the same transistors in Fig. 5.5.(a, c, e) Transistors
exposed to 6mW/cm2 of light intensity. (b, d, f) Transistors exposed to 30mW/cm2 of light
intensity. (a-d) One typical transistor of the batch to show the time trend, at chosen time
points. (e, f) The transfer of the total of 6 transistors at the time point that the average
mobility reached the highest. The complete average mobilities mapped over time are shown
in Fig. 5.5.
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Figure A.7: (a) (b) Output characteristics of the transistor and fitting curves at different
light exposure times after it was made, for 30 mW/cm2 and 6 mW/cm2 respectively. The
fitting parameters are used to plot the contact resistance and channel resistance in Fig.
5.5(c, d).

Figure A.8: Detailed comparison of the same samples in Fig. 5.5 with another light cycle
after the dark storage. (a) Mobility extracted from the slope of transfer characteristics. (b)
Comparing threshold voltages over the light and dark time for different intensity of light.
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Figure A.9: Linear mobility measured for a typical top contact bottom gate transistor with L
= 30 µm, W=1000 µm. (a) Transfer characteristics of the transistor measured at Vd = -60
V, the saturation regime. The initial measurement corresponds to the ground state of aging
and the second measurement is after a 30 min-positive-gate-bias at +60 V while keeping the
source and drain grounded, which corresponds to enough aging without the contact limit in
the saturation regime. The saturation mobility extracted from the black fitting line is 2.4
cm2 /V·s. (b) Transfer characteristics of the same transistor measured at Vd = -5 V, the
linear regime. (c) The Vg-dependent mobility extracted from the tangent line of the curves
in (b).

Figure A.10: The effect of positive and negative gate bias on a bottom contact bottom gate
transistor with L = 30 µm, W=1000 µm. (a) Transfer characteristics of the transistor measured after a total of 30min-positive-gate-bias at +60V while keeping the source and drain
grounded. (b) Transfer characteristics of the transistor measured for the same transistor
after (a), first under negative gate bias and then recovered with positive gate bias at the end.
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Figure A.11: Linear mobility measured for the bottom contact bottom gate transistor in
Fig. A.8. (a) Transfer characteristics of the transistor measured at Vd = -5 V, with the
saturation regime measurement in Fig. A.8(a). The orange line is after a 30min-positivegate-bias at +60 V while keeping the source and drain grounded. (b) The Vg-dependent
mobility extracted from the tangent line of the curves in (a).

Figure A.12: Comparing the transfer characteristics of bottom-contact bottom-gate transistors with and without PFBT treated Au electrodes. Notice the Threshold voltage doesnât
change significantly. Same transistor in Fig. 5.7.
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B.1

C8-BTBT film on patterned substrate

Figure B.1: C8 -BTBT single crystalline film written on a 150 µm-wide patterned substrate
under polarized microscope from a 0.5 wt% solution at 80◦ C and 25 mm/s. The right figure
is rotated 45 degree from the left figure.

We applied a typical photolithography process to make the hydrophilic and hydrophobia pattern on the Si/SiO2 substrate. A photo mask with self-designed pattern is used
and the pattern is copied in positive photoresist (Shipley S1813) through a compact
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exposure-masking system UV-KUB 2 from KLOE. By controlling the thin film growth
in the hydrophilic region, we have achieved single crystalline C8 -BTBT grown in the
small region even at fast speeds, shown in Fig. B.1. However, the transistors made
on these patterned films did not show better performance than the ones on large-area
aligned films. An example of transistor on pattern is shown in Fig. B.2 and the
average mobility is 1.5 cm2 /V·s for this batch over 18 transistors.

Figure B.2: A C8 -BTBT single transistor under bright field on the left. The gold channel
is 30 µm and the film is 150 µm wide and written on patterned substrate from crystalline
film written on a 180 µm-wide patterned substrate under polarized microscope. The right
figure shows the channel under polarized view.
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